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ABSTRACT
Extreme environments associated with nuclear applications often results in degradation of
the physical, mechanical and thermo-mechanical properties of the materials. Tungsten (W)
exhibits unique physical and mechanical properties, which makes tungsten a good candidate for
nuclear applications; however, intrinsic W exhibits low fracture toughness at all temperatures in
addition to a high ductile to brittle transition. In the present work, nanocrystalline W, W-Y and
W-Mo alloys were nanoengineered for nuclear applications.
Nanocrystalline tungsten coatings with a thickness of ~1 µm were deposited onto Silicon
(100) and Sapphire (C-plane) using RF and DC sputtering techniques under various growth
conditions. Yttrium content in W-Y alloys has been varied to enhance the irradiation tolerance
under optimum concentration. The W, W-Y coatings were characterized to understand the
structure and morphology and to establish a mapping of conditions to obtain phase and size
controlled materials. The samples were then subjected to depth-controlled irradiation by neutrons
and Au3+ ions. Solid solution strengthening was achieved by doping molybdenum (Mo) solute
atoms to W matrix under varied sputtering pressures and temperatures with the intention of
creating interstitial point defects in the crystals that impede dislocation motion, increasing the
hardness and young modulus of the material. The effect of PAr (3-19 mTorr) was also
investigated and associated microstructure are significant on the mechanical characteristics; the
hardness (H) and modulus of elasticity (Er) of the nc W-Mo thin films were higher at lower
pressures but decreases continuously with increasing PAr.
Using nano-indentation and nano-scratch technique, mechanical characterization testing
was performed before and after irradiation. The structure, mechanics and irradiation stability of
the W and W-Y coatings will be presented and discussed to demonstrate that Y-addition coupled
with nano-scale features dramatically improve the irradiation tolerance of the coatings. The
structure-phase-mechanical-electrical property correlation established suggests that further
options may exist to tailor the quality and performance of W-Mo films for future electronic and
electromechanical device applications.
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CHAPTER 1: PURE TUNGSTEN SYSTEM
1.1 INTRODUCTION

The challenging problem currently facing the scientific community in this 21st century is
the design, fabrication and engineering of novel structural materials, which will have a
technological impact on the development of next-generation nuclear reactors. The energy
demand

to secure current, emerging and future energy needs of the society. Specifically, the

choice of structural materials and options for nuclear reactors is very challenging.
Material failure is one of the most considerable setbacks needed to be addressed by the
materials research community to develop the next generation of nuclear energy systems that
demand materials to serve under extreme conditions. Environments with unprecedented fluxes of
neutrons, high temperatures in the order of 1000 oC, corrosion, intense thermodynamic stresses,
vibration and energetic particles emanated from all types of reactors regardless if it is fusion or
fission(Tsay et al. 2013; Cabet et al. 2009; Mansur et al. 2004). All previously mentioned
requirements are associated with degradation of physical, mechanical and thermo-mechanical
properties. Therefore, they must be considered in material selection with superior thermophysical properties for systems such as IV fission reactors(Zinkle and Busby 2009; Mansur et al.
2004; T Allen et al. 2009; Todd Allen et al. 2010). The use of tungsten and tungsten alloys is
being considered for structural materials application for the helium cooled divertor and possibly
for the protection of the helium-cooled first wall in designs for ITER and also in future fission
designs(Banerjee 2014; Yajima et al. 2014; M. Rieth et al. 2011; Ilić et al. 2007; Mansur et al.
2004; J. . Davis et al. 1998; Xu et al. 2014; Smid et al. 1998). Not only that but, also parallel
fusion designs such as DEMO also consider Tungsten as plasma facing components in the main
chamber and the divertor of future commercial scale nuclear fusion tokamaks(Causey 2002; Neu
1

et al. 2005; Philipps 2011; Banerjee 2014). Tungsten is proposed as cladding material for ultrahigh temperature reactors operating in excess of 1500°K (Charit 2012). Tungsten exhibits unique
physical and mechanical properties including:


Good thermal conductivity: 22 to 40 W/m K (M Rieth et al. 2013).



High melting point: 3410 C (Smid et al. 1998)



Low sputtering rates: 10−5 to about 2×10−3 Yeff (Neu et al. 2005)



Highest cohesive energy



High density: 19.3 g/cm3



Low neutron activation
The problem associated with W, however, is that pure W exhibits a low fracture

toughness at all temperatures. In addition, it exhibits a high ductile to brittle transition, which
depends on the chemical and microstructure(Lassner and Schubert 1999; Michael Rieth and
Dafferner 2005; Faleschini et al. 2007). It has been demonstrated that these limitations are
mainly due to the nature of dislocations and their impact on stress evolution in W. In BCC metals
such as W, neutron irradiation typically causes embrittlement and swelling. During fusion reactor
operation not only neutron displacement is anticipated to damage the structural morphology and
the integrity of the material, but also mechanical properties diminishing by solid transmutation of
elements. Consequently, by increasing the neutron fluence, solid transmutation of W into
Rhenium and Osmium alloys is also expected to happen in a faster rate.
In order to investigate the influence of the irradiation condition on irradiation hardening
and microstructure development in pure W coatings, hardness and microstructures have been
evaluated before and after irradiation.

2

However, even though neutron and heavy ion irradiation are routinely used nowadays to
produce material damage, effects of these two methods have not been fully compared with a W
coatings system. Not to mention the description of damage and the mechanisms that drive the
irradiation. The proposed methodology to achieve a better understanding of the damage
mechanisms is to conduct a detailed characterization before and after the irradiation damage and
prediction of performance of the material for the proposed applications.
In this case, W will have to protect the structure against the severe irradiation conditions
and in addition, some parts of the W-based divertor will have to present good mechanical
properties to serve as a structural component (M Rieth et al. 2013). Some background
information needed to better understand the significance of the present work is presented in the
following sections.
1.1.1 REACTOR DESIGN

Currently, over 430 nuclear fission reactors in 30 countries provide about 15% of the
world’s supply of electricity(World Nuclear Association 2015). It is imperative to consider
nuclear energy as a major energy generator to meet the growing energy world demand and
decrease the carbon that dioxide that is released into the atmosphere by other energy sources.
Since the 1980s, the fuel cycle length for nuclear reactors have steadily increased due to constant
improvements in structural components and ultimately increasing the capacity factor to>90 %
(compared to ~74 % for coal fired power plants (Booth, Rinkoski, and Lillis 2010).
A standard pressurized water rector schematic is shown to depict different components
that are part of the system including the secondary circuit where electric power is generated
(Zinkle and Busby 2009). It is also represented the commonly used structural materials for such

3

reactor components. Fuel cladding is of key importance as it is the primary confinement for fuel
and nuclear radioactive fission products. At the same time, fuel cladding should transfer the
generated intense nuclear heat to the fuel coolant(Zinkle and Busby 2009; Mansur et al. 2004; T
Allen et al. 2009). Advanced cladding designs for Advanced Light Water Reactors (ALWR)
pathway encompasses the need to develop cladding systems that improve rector core economics
and safety margins. Idaho National laboratory performed a complete review of nuclear industry
reports, presentations and papers with the intention to pinpoint the potential cladding
technologies for further developments and testing in a push to improve current Zr and stainless
steel cladding systems. Performance criteria including includes operating temperatures in excess
of 650°C, neutron adsorption cross section <0.26 barns, mechanical strength, thermal expansion
and chemical compatibility.
Designs from the 1950’s designs in nuclear thermal propulsion saw unique advantages to
using tungsten over other candidates to serve as a containment due to the chemical compatibility
at high temperatures to various reactor fules. Example of compatibility are with uranium dioxide
and uranium mononitride fuels at elevated temperatures(William, Sanders, and Drell 1963)
As illustrated in Fig. 1, a diverse range of structural materials are used for a wide variety
of important roles in fission reactors. The fuel cladding serves to reliably contain the fuel and
radioactive fission products while simultaneously efficiently transferring the intense nuclear heat
from the fuel to the coolant. The typical heat flux through the cladding is ~1 MW/m2 (~1% of
the heat flux at the surface of the sun). Zirconium alloys are used as fuel cladding in most
commercial reactors, due to their compatibility with UO 2 and water, their adequate thermal
conductivity and ease of manufacturing. Wire wrap is used to prevent constriction of coolant
channels from slight fuel pin bowing. The fuel typically remains in the reactor for several years,
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with the cladding continuously exposed to high temperature (~300 °C), mechanical stress, and
intense radiation. Key concerns include oxidation, hydriding, build-up of low thermal
conductivity, corrosion deposits, and effect of hydrogen on cracking and corrosion. The ~100
tonn reactor core is secured in place by a variety of fuel rod constraint and reactor core support
components typically constructed of austenitic stainless steel and some Ni-base alloys such as X750. These core internal structures must reliably operate for over 30 years in a high radiation
environment (resulting in higher accumulated doses than the fuel cladding in many cases) at
~300 °C without substantial dimensional changes or degradation in mechanical properties due to
stress corrosion cracking or radiation damage. The reactor pressure vessel (quenched and
tempered Mn-Mo-Ni low-alloy pressure vessel steel) serves as the critical safety boundary
between the reactor and the environment, and is generally considered the key lifetime-limiting
(irreplaceable) component for a nuclear reactor. A key concern is loss of fracture toughness due
to radiation-induced defect cluster hardening and radiation-induced precipitation. The
embrittlement is monitored by regular mechanical property testing of surveillance coupon
specimens located at the inside wall of the pressure vessel. Piping and heat exchanger materials
(ferritic steels and Ni-base alloys such as Alloy 600 and 690) are designed to enable reliable and
thermodynamically efficient conversion of thermal energy from the reactor into steam that drives
turbines to generate electricity.

5

Figure 1.1 A standard pressurized water rector schematic depicting different components that are
part of the system
1.1.2 FISSION
The fission reaction discovered by Otto Han back in 1938 opened the door to a wide
variety of applications including energy generation, powering submarines and bombs used for
military purposes. The fission reaction could be considered a form of element transmutation
because when a fuel element is activated by a high energetic particle such as neutron, the
material undergoes a “stabilization” decay process that generates heat to later be transformed to
other elements. A key component of the fission rection is the fuel element and the cascade
reaction that it generates when a high energetic particle interacts with it.

6

Nuclear fuel is generally any element that can be ‘burned’ by nuclear fission or fusion to
derive nuclear energy. It is important to note, that the selected fuel material needs to be able to
sustain a self sustaining chain reaction and allow the operator to control the reactor output using
the various componets such as: fuel, moderator and control rods. There are many design
considerations for the material composition and geometric configuration of the various
components comprising a nuclear fuel system. Most common nuclear reactors in the world use
an enriched uranium and plutonium fuel in various forms and sometimes in their oxide form. The
vast majority of fission reactor are based on Uranium Oxide (UO2) fuel rods using various
isotopes and enriching percentage depending on the type of reactor. Therefore it is important to
describe the fission reaction of Uranium.
U-235 + n ===> Ba-144 + Kr-90 + 2n + 200 MeV
U-235 + n ===> Ba-141 + Kr-92 + 3n + 170 MeV
U-235 + n ===> Zr-94 + Te-139 + 3n + 197 MeV
In the U-235 fission reaction there is a possibility of tenths of possible reactions and
decay mechanisms. Neutrons are one of the many yields of the reaction that could be detrimental
to material performance as prolonged exposure could lead to spallation, embrittlement, swelling,
transmutation and eventually material failure. Regarding material selection and reactor structural
design, it is important to establish material requirements and find suitable materials candidates, a
list of requirements is as fallows:
1.1.2 FUSION

Design lifetime doses for the first wall and blanket structural materials are about five
times higher than the core internal structures for existing fission reactors this come as a result of
the Deuterium-Tritium (D-T) reaction that yields neutrons with an energy of approximately
14.1MeV(Xu et al. 2014). Also, the plasma facing components are exposed to high fluence of
7

neutrons and Deuterium atoms in the range of 7x1026 m-2 that damage the mechanical integrity of
the reactor components (Xu et al. 2014). The increased flux of neutons resulting from the D-T
tends to produce much higher (when compared to Nuclear Fission) levels of transmutant solutes
such as H and He in the structural materials that generally magnify radiation-induced
degradation processes.
An additional key constraint for fusion structural materials is the international mandate
for intrinsic safety resulting from previous radiological disasters such as Chernobyl and
Fukushima. In the same direction, new regulations demand minimal long-term environmental
impact for the fusion reactor structures(Everett E. Bloom 1998; E. E. Bloom et al. 1984; E. E.
Bloom, Zinkle, and Wiffen 2004; Harries et al. 1992; Ehrlich, Bloom, and Kondo 2000).
Consideration of this reduced- activation mandate, along with the requirement for high
performance, leads to three major options for fusion structural materials. Ferritic/ martensitic
steel (where high activation solutes such as Mo and Nb in commercial steels are replaced by W
and V) is the most mature option (Everett E. Bloom 1998; Klueh 2004; Kohyama et al. 1998;
Lindau et al. 2005; Odette, Alinger, and Wirth 2008; Klueh, Hashimoto, and Maziasz 2007),
with natural leveraging of the extensive worldwide expertise and industrial infrastructure in
steelmaking. Oxide dispersion strengthened steel represents a potential future higherperformance option if key issues such as property nonuniformity, joining, and high cost can be
resolved. Refractory alloys based on either vanadium (Matsui et al. 1996; Smith et al. 1996;
Smith, Loomis, and Diercks 1985; Zinkle et al. 1998) or tungsten alloys represent a higher
performance, higher risk option. Vanadium alloys are particular attractive for self-cooled lithium
blanket systems19, but are not considered to be viable for other blanket concepts. SiC/SiC
ceramic composites offer the potential for the highest thermodynamic efficiency and best safety
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and waste disposal margins, but are the least developed materials system for large-scale
structural applications21. Numerous issues including structural engineering design rules, how to
achieve leak-tight boundaries for gas cooled systems, joining and other fabrication issues,
radiation stability uncertainties, improvement of thermal conductivity (and minimization of
radiation- induced degradation), and fabrication cost need further research and development to
enable this materials system to achieve its full potential.
1.1.3 TRANSMUTATION
As previously mentioned in this section, tungsten is a promising candidate for heavy
irradiated firs-wall and divertor in fusion reactor components. Under neutron irradiation for five
years in a fusion power plant, initially pure tungsten in a plasma-facing wall will transmute into
W–Os–Re (Philipps 2011) alloy with a composition near the sigma field of the phase diagram. It
is likely that the initially bcc (α) structure of the material will transform to the σ phase, via
atomic shuffle processes, assisted by the bond-loosening effects of the irradiation produced
knock-on vacancies. This extremely brittle σ phase would be expected to lead to a fracture of the
armour. The use of tantalum or molybdenum for the armour, in place of tungsten, would avoid
this problem.
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CHAPTER 2: MOTIVATION AND SIGNIFICANCE OF THE PROPOSED PROJECT
Materials to serve under extreme environments are most promising and indispensable for
the next generation power generation systems due to their key role in enabling the technologies
to become a reality. Therefore, in recent years, extensive studies have been directed towards the
fundamental understanding, research, and development of novel structural materials and/or
hybrid architectures for the next generation fission IV rectors and eventually fusion. However,
despite the fact that there exists an extraordinary push to engineer materials to withstand the
required characteristics, the material candidates still suffer poor response and long-term stability.
Further research and development is needed to tackle drawbacks of main candidates such as
tungsten and develop materials that operate in high pressures, temperatures and nuclear
irradiation fluence. This is the impetus for the present project to investigate the Structural and
Mechanical feasability of Nanocrystalline Tungsten and Tungsten-Based Alloy Thin Films for
Extreme Environment Applications as presented and discussed in this dissertation.
The reminder of this section is devoted to highlight the importance of W & W based alloys
and what is the intellectual and technical merit of this doctoral dissertation research effort.
2.1 RESEARCH OBJECTIVES AND STATEMENT OF WORK
The hypothesis that constitutes the pillar behind this dissertation work is: “the Tungsten
alloying with Yttrium and Molybdenum metals can improve the chemical stability,
promote radiation tolerance, lower the ductile to brittle transition and create superior
mechanical characteristics at extreme environments for power generation systems.” The
challenging goal of the proposed project is, therefore, to create a fundamental understanding of
the intrinsic, nanocrystalline W and its alloys to serve as structural materials in extreme
10

environments. The following are the specific research tasks and objectives of the proposed
research project.
2.1.1 FABRICATION OF W AND W BASED ALLOY THIN FILMS

The first objective of this work is to fabricate high quality, nanocrystalline W by using DC
magnetron sputtering, as well as alloying W thin films with Y/Mo to improve physical and
mechanical properties. The use of sputtering technique is justified by the repeatability of the
process, the easiness of the integration with mass production systems and the non-equilibrium
state that allow us to combine different materials without the necessity to follow Hume-Rothery
rules for alloying (Wasa, Kiyotaka, Kitabatake, and Hideaki 2004). We propose to grow pure W
and W based alloys onto Si (100) and Sapphire to facilitate chemical, electrical, physical and
mechanical characterization. The characterization from various analyses was used as a feedback
to obtain films with desired structure, morphology, chemistry and dopant concentration.
2.1.2 OPTIMIZATION OF DEPOSITION CONDITIONS

Intrinsic and alloy thin films of W were deposited using DC magnetron sputtering. However,
tuning the deposition conditions and finally derive optimum conditions to produce high quality
W and W-alloy nanocrystalline films is the primary objective. To do so, the deposition
conditions were tuned in order to achieve the excellent structural, electrical, electronic, and
morphological properties so as to enhance material characteristic performance. Substrate
temperature, sputtering pressure, and partial pressure of reactive gases were varied to deposit W,
W-Mo and W-Y thin films. The effect of processing parameters on the crystal structure, grain
size, mechanical properties, resistivity, and other related parameters was studied in detail.
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2.1.3 DEVELOP A STRUCTURE-MECHANICAL-PROCESSING CONDITIONS RELATIONSHIP

After fabrication, the W, W-Mo, and W-Y thin films were studied to characterize their
properties. The goal was to derive a structure-property relationship, which will be helpful to
provide a deeper understanding of the W, W-Y and W-Mo films for nuclear reactor applications.
Attempt was made to evaluate the effect of deposition parameters on the structural, mechanical,
and electrical properties. Specific attention was directed towards ‘W alloying with Y’ due to the
importance of improving irradiation tolerance by creating sinks for incoming energetic particles
at grain boundary locations. Motivation to the second part i.e., W alloying with Mo, is to create a
substitutional solid solution strengthening of the material provided similar atomic radii and
electronegativity that could have a positive effect on solubility of Mo into W. For that reason, the
understanding of the defect chemistry for each one of the doping atoms is essential. As sputtering
deposition is a non-equilibrium technique, the oxidation state, and defect type was also
determined experimentally.
2.1.4. EVALUATE PURE W AND W-Y BASED THIN FILMS FOR IRRADIATION TOLERANCE

The challenging goal of the project is to realize high quality W and W-based alloy thin
films with enhanced irradiation tolerance while retaining their superior properties and
performance. For the purpose, W and W-Y based films were exposed to both ion and neutron
irradiation. Variable fluences were used to create increasing amount of displacements per atom.
In order to investigate the influence of the irradiation condition on irradiation hardening and
microstructure development in pure W coatings, hardness and microstructures have been
evaluated before and after irradiation. However, even though neutron and heavy ion irradiation
are routinely used nowadays to produce material damage, effects of these two methods have not
12

been fully compared with a W coatings system. Not to mention the description of damage and
the mechanisms that drive the irradiation. The proposed methodology is to conduct a before and
after the irradiation damage nanoindentation characterization that allows a better understanding
of damage evolution within the lattice.
2.1.5 THERMAL STABILITY

Tungsten alloying with Molybdenum is motivated to create a substitutional solid solution
strengthening of the material provided similar atomic radii and electronegativity that could have
a positive effect on solubility of Mo into W, ultimately nanoengineering a material with diamond
like characteristics and capable of radiation recovery. Solid solution strengthening has been a
mechanism to enhance mechanical properties by introducing particles to reduce glide of
dislocations. That is the simplest understanding of solid solution strengthening, but also one
might consider solute/dislocation interactions, dislocation core structures and chemistry effects
of the mixture (C.-F. Pai et al. 2014). Furthermore, it is imperative to consider the Mo to
incorporate into W-matrix to produce W-Mo nanocrystalline films for the following reasons.
Molybdenum is an element that shows exceptional properties at high temperatures such as the
strength of the material and resistance to corrosion (Bauccio 1993; Habashi 2001; J. Davis 1997;
Ervin et al. 1988). Mo based alloys are usually known for high temperature tolerance and
mechanical stability (Habashi 2001; J. Davis 1997). Also, Mo alloys exhibit a higher creep
resistance and strength at high temperatures, making service temperatures of above 1060 °C
possible (Habashi 2001; J. Davis 1997).
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CHAPTER 3: LITERATURE REVIEW
Tungsten (W) and W-based alloys and compounds have been the subject of intense
research in recent years(Chookajorn, Murdoch, Schuh, & Tongjai Chookajorn, Heather A.
Murdoch, 2012; Dubey, Lopez, Martinez, & Ramana, 2016; Hao, Chen, & Xiao, 2015; Ilić,
Fiscina, Oliver, Ilić, & Mücklich, 2007; J. Kim, Seo, Lee, Seo, & Miller, 2014; Y. Kim & Choi,
2017; Kuchuk et al., 2006; Liu, Han, Liu, Pei, & Sun, 2017; Nunez, Moreno Tarango, Murphy,
& Ramana, 2016; Nunez, Tarango, Hossain, & Ramana, 2016; Park & Schuh, 2015; Paul et al.,
2017; Reiser et al., 2015; Rieth, Dudarev, Gonzalez de Vicente, & Aktaa, 2013; Spindler et al.,
2016; Su et al., 2009). W exhibit excellent physical and mechanical properties, such as high
melting point, high erosion resistance, reduced long-term activation and radiation tolerance,
which makes this material of particular interest for many scientific and technological
applications(Hao et al., 2015; Ilić et al., 2007; J. Kim et al., 2014; Y. Kim & Choi, 2017; Paul et
al., 2017; Reiser et al., 2015; Rieth et al., 2013; Spindler et al., 2016). W served the lighting
industry (filaments) for decades because of its exceptional strength and stiffness at high
temperatures, good thermal conductivity, low thermal expansion (4.43 ppm/ ◦C), and low
resistivity (5.5 Ω cm)(Chen & Colinge, 1995; Y. Kim & Choi, 2017; Paul et al., 2017; Yeung et
al., 2016). Among the refractory metals, W is a very hard metal. In view of excellent thermal and
electrical properties, W has been widely employed in electrical contacts, glass-to-metal seals and
electrodes, and diffusion barriers in microelectronics(Chen & Colinge, 1995; Karabacak,
Senkevich, Wang, & Lu, 2005; Rossnagel, Noyan, & Cabral, 2002; Sarker, 2014). Additionally,
W and W-based alloys find extensive applications in nuclear reactors(Ilić et al., 2007; J. Kim et
al., 2014; Paul et al., 2017; Reiser et al., 2015; Rieth et al., 2013). Due to attractive combination
of high thermal stability and low thermal expansion, both intrinsic W as well as W-based alloys
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were accepted as high heat flux components in divertor structure in future thermonuclear reactor
design.(Y. Kim & Choi, 2017; Paul et al., 2017; Reiser et al., 2015; Spindler et al., 2016). Wbased alloys are being considered as the candidates for the future fusion nuclear reactors,
especially for the plasma facing components(Y. Kim & Choi, 2017; Paul et al., 2017; Reiser et
al., 2015; Spindler et al., 2016). Furthermore, recently, W-based materials were proved to be
excellent candidate materials for nuclear radiation shielding(J. Kim et al., 2014). For instance,
Kim et al. presented a new class of gamma radiation shielding materials consisting the nano-W
dispersed in polymer nanocomposites whose radiation attenuation is greatly enhanced compared
to their micro-W containing counterparts(J. Kim et al., 2014). Thus, the exceptional stability of
nanocrystalline W-based alloys is promising and assure that they can meet the requirements of
future technology developments and open new directions/avenues to design and develop other
W-based alloys with superior strength, hardness, and thermal stability.

It has been widely demonstrated in the literature that the properties and phenomena of
pure W and W-based alloys and compounds can be controlled by tailoring the composition and
processing conditions(Chen & Colinge, 1995; Chookajorn et al., 2012; Dubey et al., 2016; Hao
et al., 2015; Ilić et al., 2007; Karabacak et al., 2005; J. Kim et al., 2014; Y. Kim & Choi, 2017;
Kuchuk et al., 2006; Liu et al., 2017; Nunez, Moreno Tarango, et al., 2016; Nunez, Tarango, et
al., 2016; Park & Schuh, 2015; Paul et al., 2017; Reiser et al., 2015; Rieth et al., 2013; Sarker,
2014; Spindler et al., 2016; Su et al., 2009; Yeung et al., 2016). On the other hand, processing
and manipulating the structure at the nanoscale dimensions, where surface and interface
microstructure plays a key role, can provide excellent opportunities to further improve the
desired properties and phenomena(Dubey et al., 2016; Hao et al., 2015; Kaidatzis, Psycharis,
Mergia, & Niarchos, 2016; Karabacak, Picu, Senkevich, Wang, & Lu, 2004; Liu et al., 2017;
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Nunez, Moreno Tarango, et al., 2016; Nunez, Tarango, et al., 2016; Park & Schuh, 2015;
Rossnagel et al., 2002; Su et al., 2009). Intrinsic or tungsten-based multi-component alloy films
for the aforementioned technologies can be prepared using a wide variety of physical and
chemical deposition methods. While simple evaporation, sputtering and chemical vapor
deposition (CVD) are the most commonly used processes in industry, however, properties and
phenomena of W thin films depend on the processing conditions such as base pressure, growth
temperature, working pressure, deposition rate and annealing conditions. Furthermore, in terms
of phase and microstructure considerations, W crystallizes in two different structures (Hao et al.,
2015; Ilić et al., 2007; Kaidatzis et al., 2016; Karabacak et al., 2004, 2005; O’Keefe & Grant,
1996; Rossnagel et al., 2002); (1) a thermodynamically stable body-centered cubic (bcc) phase
(α-W) and (2) a metastable A15 phase (β-W). The lattice parameters of α-W and β-W are 3.16 Å
and 5.04 Å, respectively (Hao et al., 2015; Ilić et al., 2007; Kaidatzis et al., 2016; Karabacak et
al., 2004, 2005; O’Keefe & Grant, 1996; Rossnagel et al., 2002). The physical, chemical,
electronic and mechanical properties of α-W and β-W are quite different.

Therefore, the

controlled growth and manipulation of specific crystal structures of W-based alloys and
compounds at the nanoscale dimensions has important technological implications. In the past
few years, interest in tungsten (W) films has greatly increased. Sun, H. L. et. al.(Sun, Song,
Guo, Ma, & Xu, 2010) found that the hardness of a thin W film is more than five times higher
than a bulk sample of the same. This dramatic increase in hardness has the potential to be
extremely useful in the transistor, and microelectromechanical systems fields(Sun et al., 2010).
However, the usefulness of the films may be difficult to harness as internal stresses and
delamination are highly dependent on sputtering gas, gas pressure, and film thickness(Qasmi,
Delobelle, Richard, & Bosseboeuf, 2006a; Sun et al., 2010; Vassallo, Caniello, Canetti,
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Dellasega, & Passoni, 2014). The effects of pressure and sputtering gas have been extensively
studied(Qasmi, Delobelle, Richard, & Bosseboeuf, 2006b); however, the effect of temperature
and dopants remains undetermined.

The impetus for the present work is to derive a comprehensive understanding of the
crystal structure, phase, surface and interface morphology, mechanical properties and electrical
properties of nanocrystalline W, W-Y and W-Mo alloy thin films. Recently, doping and/or
alloying of W with elements such has Ti, C, Ni, Si, Cr, Re has been widely considered to
engineer the physical, mechanical and tribological properties.(Charit, 2012; Gupta, Yoon, Meyer,
& Luo, 2007; Kalidindi, Manciu, & Ramana, 2011; Luo, Gupta, Yoon, & Meyer, 2005a;
Ramana, Baghmar, Rubio, & Hernandez, 2013; Rebholz, Schneider, Leyland, & Matthews,
1999; Yao, Ding, Xu, & Kieu, 1999; Young et al., 2002). One of the major reasons in the
direction was to improve the limited ductility at lower temperatures of W without compromising
the mechanical performance of the material(Rieth et al., 2013). Previous work by Luo, J. et al.
have shown segregation of dopants (nickel) in grain boundaries of tungsten(Luo, Gupta, Yoon, &
Meyer, 2005b) which will cause grain boundary embrittlement. On the other hand, efforts were
also directed to further improve the mechanical properties. Solid solution strengthening has been
a mechanism to enhance mechanical properties by introducing particles to reduce glide of
dislocations. That is the simplest understanding of solid solution strengthening, but also one
might consider solute/dislocation interactions, dislocation core structures and chemistry effects
of the mixture(Pai et al., 2014). Furthermore, it is imperative to consider the Mo to incorporate
into W-matrix to produce W-Mo nanocrystalline films for the following reasons. Molybdenum is
an element that shows exceptional properties at high temperatures such as the strength of the
material and resistance to corrosion(Bauccio, 1993; Davis, 1997; Ervin, Bourell, Persad, &
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Rabenberg, 1988; Habashi, 2001). Mo-based alloys are usually known for high-temperature
tolerance and mechanical stability(Davis, 1997; Habashi, 2001). Also, Mo alloys exhibit a higher
creep resistance and strength at high temperatures, making service temperatures of above
1060 °C possible.(Davis, 1997; Habashi, 2001). In addition, alloying W with elements such as Si
and Ti can lead to structural distortion, which induces lattice parameter enhancement leading to
higher level of stresses(Ji, Li, Zhao, Chen, & Zhou, 2008). Therefore, similarities between W
and Mo make them suitable to produce coatings with unique properties and phenomena and
worth of investigation. Furthermore, recently, Reiser et al. demonstrated the W-Mo foil
laminates to lower the brittle-to-ductile transition temperature to manufacture a functional,
structural material(Reiser et al., 2015). In addition, Mo addition proved to be valuable for other
structural materials. For instance, Li et al. doped Mo into diamond-like carbon (DLC) films to
reduce the internal compressive stress that limits adhesion(Cavaleiro & Louro, 2002). The
samples in their work were deposited by CVD by coupling Mo with CH4/Ar mixture. However,
the Mo atoms acted as a catalyst to promote sp2 sites formation, which leads to an increase of sp2
carbon and decreased hardness and elastic modulus of the films(Cavaleiro & Louro, 2002).
Using simulations and theoretical work, Vitos et al. demonstrated substitutional Mo doping into
Fe-18Cr-24Ni matrix improves ductility and corrosion resistance while reducing the mechanical
hardness(Vitos, Korzhavyi, & Johansson, 2003). Furthermore, the recent efforts toward the
controlled growth and manipulation of specific crystal structures of W-based materials at the
nanoscale dimensions indicate their important technological implications and promise for future
developments(Hao et al., 2015; O’Keefe & Grant, 1996). For instance, while realizing the
metastable β-W films has been technologically challenging, the recent discovery and successful
demonstration of large spin-orbit coupling leading to a giant spin Hall effect (GSHE) in highly
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resistive β-W films has garnered the attention of researcher to utilize these phenomena in the
design and development of advanced electronic devices(Hao et al., 2015; O’Keefe & Grant,
1996). The spin Hall angle of β-W is the largest among transition elements(Hao et al., 2015;
O’Keefe & Grant, 1996). The newly discovered GSHE in mechanically hard and electrically
high resistive β-phase W films is expected to revolutionize the future spintronic magnetic
random access memories (MRAM) and spin-logic electronic devices(Hao et al., 2015; O’Keefe
& Grant, 1996). Moreover, in spite of numerous studies on alloying W with other elements, the
fundamental science of nanocrystalline W-Mo thin films is not well understood at this time. The
aforementioned arguments for the W-Mo system are equally applicable in W-Y alloys as well.
Therefore, an attempt is made to produce nanocrystalline W-Mo and W-Y films by sputterdeposition under variable sputtering pressure and to study their crystal structure, phase,
surface/interface microstructure, mechanical properties and electrical characteristics. The phase
control enabled superior mechanical characteristics of nanocrystalline W-Mo and W-Y films are
clearly demonstrated in this work. Furthermore, the present work was directed specifically to
understand the effect of surface and interface microstructure on the phase stabilization,
mechanical characteristics and electrical properties of W-Mo and W-Y films. As presented and
discussed in this thesis, our findings demonstrate that the processing conditions can be tuned to
obtain W-Mo and W-Y films with variable surface and interface microstructure, which enables
superior mechanical and electrical properties. The structure-mechanical-electrical property
correlation, which may be useful as a road-map to optimize the conditions to produce excellent
quality materials, is also established. We believe that the structure-phase-mechanical-electrical
property correlation established may provide further options to tailor the quality and performance
of W-Mo and W-Y films for other, future electronic and electromechanical device applications.
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CHAPTER 4: MATERIALS AND EXPERIMENTAL METHODS
4.1 MATERIALS

Targets:
The target materials for sputter-deposition of coatings were obtained from Plasmaterials. The
targets that were procured for this project are as presented in Table 3.1. The dimensions of the
target are 2 inch diameter and 0.125 inch thickness. A representative target is shown in Figure
4.1.
Table 4.1: The details of target materials employed in this work.
Target

Pure W

W-Y(95-5wt.%)

W-Y(90-10wt.%)

W-Mo(95-5wt.%)

Purity

99.999%

99.95%

99.95%

99.95%

2 x 0.125

2 x 0.125

2 x 0.125

Size

(Dia.

X 2 x 0.250

Thick)

Pure W, 99.9 wt.%

W(95)Y(5), wt.%

W(95)Mo(5), wt.%

Figure 4.1: The representative W, W-Mo and W-Y targets employed in this project work.
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Substrates:
Two different types of substrates were employed to deposit W, W-Mo and W-Y with
variable composition. The substrate materials are:
1. Sapphire (α-Al2O3 (0001)): to evaluate high temperature performance of the films, as
well as to evaluate the optical characteristics of Wbased films;
2. Silicon (Si (100)): to facilitate characterization of film’s chemistry; and
4.2 SUBSTRATE CLEANING
The sapphire samples were cleaned by a bath of 99.9% ethanol for 15 minutes, in order to
remove oxides and impurities on the surface of the substrate. P-type, Si (100) was employed;
these wafers were cleaned with standard RCA cleaning procedure to remove organic, inorganic
and metal particulate contaminants. The following steps were performed:
 SC1- Removal of insoluble organic contaminants using 5:1:1 H2O/H2O2/NH4OH mixture.


SC2- Removal of ionic and heavy metal atomic components using a solution of 5:1:1
H2O/H2O2/HCl solution

• Removal of native oxide by buffered oxide etches solution (HF/H2O; 1:100).
The SC1 solution was prepared by heating 50 ml of Deionized water (DI) water to a
temperature of 100 ºC and then adding each 10 ml of NH4OH and H2O2 to the DI water. SC2
solution was prepared by 10ml each of H2O2 and HCl to 50ml of water. The silicon substrates
were soaked for 10 min in each solution and followed by 5 min of DI water rinse after each soak.
Finally, the silicon substrates were treated with BOE to remove any native oxide on it
(Louisville, n.d.).
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4.3 SPUTTERING DEPOSITION SYSTEM
Sputtering deposition is a process for depositing thin films that implicates the
bombardment of a target with energetic particles (positive gas ions), which cause some surface
atoms to be ejected from the target material, in this case W or W-Mo or W-Y. These atoms are
then deposited on substrates. Due to the fact that sputtering uses low substrates temperature, it is
an ideal method to deposit contact metal for thin films. This technique is broadly used in
semiconductor industries for fabricating thin films in IC processing application

(Wasa,

Kiyotaka, Kitabatake, and Hideaki 2004).
Sputtering deposition system (Figure 4.2) consists of a pair of electrodes, the cathode that
is located at the target side, and the anode where substrate is placed. A target is made up of the
material that will be used for thin film deposition onto substrates. The pair of electrode is located
inside the low pressure vacuum chamber; the design of the vacuum chamber can change
depending on the needs. This is a chamber filled with the sputtering gas, usually an inert gas
such as Argon (Ar). Gas plasma is struck using an RF power source, causing the gas to become
ionized. The ions are accelerated towards the surface of the target, causing atoms of the source
material to break off from the target in vapor form and condense on all surfaces including the
substrate.
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Figure 4.2: Sputter deposition system and sample holder with integrated heater and thermocouple
After the samples were cleaned, the next step was introducing them inside the vacuum chamber
of the sputtering machine. The sputtering machine used is the Excel instruments Model DCSS12. The entire set-up is as shown in Fig. 4.2. The samples were collocated in the sample holder
that is 8 cm away from the plasma gun. The chamber was initially evacuated to a base pressure
of ~ 2 x 10-7 Torr. The deposition of respective samples are as indicated below.
PURE W AND W-Y FILMS – VARIABLE DEPOSITION TEMPERATURE
Nanocrystalline W-Y thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. A 2 in. Pure W target with a purity of 99.999% was
employed for sputtering of films. Two alloy targets with variable Yttrium content (W 95 wt% +
Y 5 wt% and W 90 wt% + Y wt%) were obtained from Plasmaterials, Inc. (purity of 99.999%)
and employed for sputter-deposition of W-Y films. The substrates were thoroughly cleaned and
dried with nitrogen before introducing them into the vacuum chamber trying to eliminate most of
the contaminants. The chamber was initially evacuated to a base pressure of 2x10-7 Torr. The
23

pure W and W-Y target were placed on the 2 in. sputter gun, which was placed at a distance of 8
cm from the substrate. A sputtering power of 40 W was initially applied to the target while
introducing high purity argon (Ar) into the chamber to ignite the plasma. Once the plasma was
ignited, the sputtering power was slowly increased to 120 W to deposit W-Y films. The
substrates were rotated during deposition at a rate of 3-4 rpm to ensure lateral isotropy of the
films. The fabrication conditions employed for W and W-Y films are listed in Table 4.2. The
first study consisted in sputter under variable argon sputtering pressure (P Ar), which is varied
from 3 to 19 mTorr while keeping the substrate temperature (Ts) constant at 200 °C. The second
study was to vary the Yttrium concentration. To do so, the targets were manufactured with
increasing Yttrium weight percentage (5-10 wt.%) to vary the final concentration in the films
while keeping also varying the sputtering pressure form 3 to 19 mTorr. The Ar flow was
controlled using MKS mass flow meters. The deposition was made to obtain a film thickness of
~1 µm. Before each deposition, the W and W-Y alloy targets were pre-sputtered for 15 min with
the sample shutter closed in order to obtain stable plasma and remove the contaminants.
Table 4.2 The fabrication conditions employed for W and W-Y films
Physical Parameter
Base pressure
Sputtering power

Set Value
-7

Argon sputtering pressure PAr

2 x 10 Torr
120 W
3,5,9,14,19,25

Deposition Time
Target-to-substrate distance
Substrates
Deposition temperature

1.5 hrs.
8 cm
Silicon (100)
200 oC

W-MO FILMS – VARIABLE DEPOSITION TEMPERATURE
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Target Composition
W pure (99.999%)
W-Y (95-5 wt.%)
W-Y (90-10 wt.%)

Nanocrystalline W-Mo films were deposited using direct-current magnetron sputtering
onto silicon (100) substrates. A 2 in. W-Mo (W 95 wt% + Mo 5 wt%) alloy target with a purity
of 99.999% was employed for sputter-deposition of W-Mo films. The substrates were thoroughly
cleaned and dried with nitrogen before introducing them into the vacuum chamber trying to
eliminate most of the contaminants. The chamber was initially evacuated to a base pressure of
2x10-7 Torr. The W-Mo target was placed on the 2 in. sputter gun, which was placed at a
distance of 8 cm from the substrate. A sputtering power of 40 W was initially applied to the
target while introducing high purity argon (Ar) into the chamber to ignite the plasma. Once the
plasma was ignited, the sputtering power was slowly increased to 120 W to deposit W-Mo films.
The substrates were rotated during deposition at 3-4 rpm to ensure lateral isotropy of the films.
The fabrication conditions employed for W-Mo films are listed in Table 4.3. The deposition of
the samples were made under variable substrate temperature (Ts), which is varied from room
temperature (RT=25 oC) to 500 °C while keeping Ar pressure constant (5 mTorr). The Ar flow
was controlled using MKS mass flow meters. Before each deposition, the W-Mo target was presputtered for 15 min with the sample shutter closed in order to obtain stable plasma and remove
the contaminants (if any) on the target. The deposition was made for a constant time of 40 min.
The purpose of this set of samples is to study the effect of T s on the structure and mechanical
properties of W-Mo films.
Table 4.3: Deposition conditions of W-Mo thin films
Physical Parameter
Base pressure
Sputtering power

Set Value
-7

Argon sputtering pressure

2 x 10 Torr
120 W
5 mTorr

Target
Target-to-substrate distance

W (95 wt.%) – Mo (5 wt.%)
8 cm
25

Substrates
Deposition temperature

Silicon (100)
25-500 oC

W-MO FILMS – VARIABLE PRESSURE
Nanocrystalline W-Mo thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. A 2 in. W-Mo (W 95 wt% + Mo 5 wt%) alloy target
(Plasmaterials, Inc.) with a purity of 99.999% was employed for sputter-deposition of W-Mo
films. The substrates were thoroughly cleaned and dried with nitrogen before introducing them
into the vacuum chamber trying to eliminate most of the contaminants. The chamber was
initially evacuated to a base pressure of 2x10-7 Torr. The W-Mo target was placed on the 2 in.
sputter gun, which was placed at a distance of 8 cm from the substrate. A sputtering power of 40
W was initially applied to the target while introducing high purity argon (Ar) into the chamber to
ignite the plasma. Once the plasma was ignited, the sputtering power was slowly increased to
120 W to deposit W-Mo films. The substrates were rotated during deposition at a rate of 3-4 rpm
to ensure lateral isotropy of the films. The fabrication conditions employed for W-Mo films are
listed in Table 4.4. The deposition of the samples were made under variable argon sputtering
pressure (PAr), which is varied from 3 to 19 mTorr while keeping the substrate temperature (Ts)
constant at 200 °C. The Ar flow was controlled using MKS mass flow meters. The deposition
was made to obtain a film thickness of ~300 nm. Before each deposition, the W-Mo alloy target
was pre-sputtered for 15 min with the sample shutter closed in order to obtain stable plasma and
remove the contaminants.
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Table 4.4: Sputtering parameters employed for the fabrication of W-Mo thin films.
Physical Parameter
Base pressure
Sputtering power

Set Value
-7

Argon sputtering pressure

2 x 10 Torr
120 W
0-20 mTorr

Target
Target-to-substrate distance
Substrates
Deposition temperature
Film thickness

W (95 wt.%) – Mo (5 wt.%)
8 cm
Silicon (100)
200 oC
~300 nm

4.4 ANALYTICAL METHODS

The analytical methods employed to characterize the physical and chemical properties of
the films are the following. X-ray diffraction (XRD), scanning electron microscope (SEM),
Spectrophotometry, X-ray Photoelectron Spectroscopy (XPS), Rutherford BackScattering (RBS),
Atomic Force Microscope (AFM), Nanoindentation, and Optical Ellipsometry. These techniques
allowed us to fully characterize the crystal structure, phase, microstructure, surface/interface
quality, mechanical properties and electrical characteristics of W and W-based alloy thin films.
4.4.1 RUTHERFORD BACKSCATTERING SPECTROMETRY (RBS)

Ion beam analysis of the W or W-based alloy films was performed to understand
elemental depth distribution, and thickness variation. Rutherford backscattering spectrometry
(RBS) experiments were carried out in the accelerator facility at the Environmental Molecular
Sciences Laboratory (EMSL) within the Pacific Northwest National Laboratory (PNNL). The
RBS experiments were performed at the National Electrostatic Corporation (NEC) RC43 end
station. Rutherford Backscattering was performed using a 3.0-MV tandem electrostatic
accelerator that provides two stages of acceleration (negative ion acceleration from the source
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end to the terminal in the middle and positive ion acceleration from the middle to the highenergy end). The final energy depends on the charge state of the ion. The accelerated ions are
focused through the high-energy beam line using a magnetic quadrupole and a y-axis
electrostatic steerer. The helium ion source used for this analysis was the radio frequency RF
(Alphatross) plasma which accelerated helium ions to the sample to be analyzed in the end
station where Ion-scattering measurements are performed in the second level using a fixedposition detector at a scattering angle of 150° for RBS spectrometry. The analysis was performed
using a helium beam with an energy of 2000 KeV in an incident angle α =7°, the exit angle β
=15°, a scattering angle θ=150° and a detector resolution of 20 KeV. A schematic of the setup is
depicted in Figure 4.3.

Figure 4.3: Schematic diagram indicating the principle of RBS.
The composition and thickness of the ﬁlms were determined by simulating the
experimental spectrum for the set of experimental conditions. The experimental curve along with
the simulation curve calculated using SIMNRA code (M. Mayer 1999; Matej Mayer and Mayer
1997). The simulated curve was calculated using SIMNRA code for the ﬁxed set of experimental
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parameters: (1) incident He+ ion energy, (2) integrated charge, (3) energy resolution of the
detector, and (4) scattering geometry. This characterization tool enables the user to find a very
accurate weight percent composition given in concentration or area density. The thickness of the
thin film was also calculated using this technique.
4.4.2 X-RAY PHOTO ELECTRON SPECTROSCOPY (XPS)

X-ray photoemission spectroscopy (XPS) is a technique that uses x-ray inelastic
scattering phenomena to quantify chemical data. For this experiment, the sample is bombarded
with X-rays (E <10 KeV) from a single source. The X-rays interact with the atoms on the surface
of the material, causing the electron emission, this phenomenon is called the photoelectric effect.
The emitted electrons will have the measured kinetic energies given by
KE = hν – BE – φ……………………………………………………………………………….4.1
where h is Planck’s constant, KE is kinetic energy of the electrons, BE is binding energy
of the electrons, and φ is the spectrometer work function (Alford, Feldman, and Mayer 2007).
The equipment use for this experiment is the Kratos Axis Ultra X-ray Photoelectron
Spectroscopy (XPS) system located at the Pacific Northwest National Laboratory (PNNL). An
ultrahigh vacuum environment of 10-11 Torr is required for the machine to work. Core scans were
performed on all samples from 20 eV to 600 eV of binding energy, and high resolution scans
were performed at different energy level to obtain a clear idea of the valance state of the
chemical components.
4.4.3 X-RAY DIFFRACTION (XRD)
X-Ray Diffraction is an analytical technique where x-ray are emitted and directed
towards a material where atoms cause the x-ray to diffract. The diffracted X-rays allows us to
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collect information of the crystallinity nature of the material due to the following mechanism
(Australian Microscopy and Microanalysis Research Facility 2014):
……………………………………………………………………………4.2
where n is an interger, λ is the X-ray wavelength, d is refer to the interplanar distance, and θ is
the Bragg’s angle. Figure 4.4 shows the graphic representation of the X-ray-Material interaction.

Figure 4.4: Schematic diagram of X-ray-crystalline material interaction

To avoid interference by the substrate and obtain diffraction pattern of the films, we
performed grazing incidence X-ray diffraction (GIXRD) on the W and W alloys thin films on Si
substrates. Bruker D8 Advance X-ray diffractometer (Figure 4.5) was the device employed to
obtain the GIXRD measurements and patterns. All the measurements were made ex-situ as a
function of films deposition parameters. GIXRD patterns were recorded using Cu Kα radiation (λ
= 1.54056 Ǻ) at room temperature. A high voltage of 40 kV was used to generate the X-rays.
The GIXRD patterns were recorded employing the X-ray beam fixed at a grazing incidence of
1°. The scanning was performed in a 2θ range of 20−65° using the “detector scan” mode, where
the detector was independently moved in the plane of incidence to collect the diffraction pattern.
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The step size and the scan speed were 0.01° (2θ) and 2°/min, respectively. For these set of
conditions, the X-ray beam passes sufficiently long distances through the coating to provide the
observed diffraction patterns. The data was acquired and analyzed using EVA software in order
to compare the XRD peaks, and check for the crystal structure and lattice parameters. The XRD
measurements were performed systematically after each and every step of the characterization
procedure i.e., deposition, heat treatment, and long term stability test.

Figure 4.5: XRD system utilized to characterize the W and W-based alloy thin films.
4.4.4 SCANNING ELECTRON MICROSCOPY

Scanning electron microscope is a technique that employs a focused beam of electron to
reveal the superficial features of the analyzed samples. The high energy electron are emitted
from an electron gun, then the electron are focused towards the specimen and systematically scan
the surface. The image is created by a rastering process where the beam illuminate one point at
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the time (Australian Microscopy and Microanalysis Research Facility 2013). The samples were
mounted on top of a small circular stage of 1 inch diameter and carbon tape was used to avoid
any kind of electrical disturbance from the circular metallic stage; however, a piece of copper
tape was added to each sample in order to make electron flow easier. The SEM provided images
from different magnifications of the samples, with the intention of providing a better image of
the grain size, as well as the morphology of the thin films. Similarly any pore formation or
crystallization was recorded as a function of sputtering power or the dependent deposition
variable analyzed. The electron incident current and voltage was varied depending in the quality
of the samples to obtain the best resolution image. The machine allows you to take several
pictures of the image that the user is observing at different magnifications. After the picture is
saved, it is open in the software Quartz PCI, which allows you to measure the grain size of the
films. Hitachi S-4800 electron microscope (Figure 4.6) is used for the experiments.

Figure 4.6: Hitachi S-4800 SEM
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4.4.5. NANOINDENTATION

The nano-mechanical properties of the films were evaluated using nano-indentation
technique. The system utilized is a Hysitron 750 (see figure 4.7) which offers offers dedicated
nanomechanical testing solutions for customized nanoscale mechanical characterization. Three
base configurations are available for nanoindentation, nano to microscale indentation and
nanoscale dynamic.

Figure 4.7 Hysitron 750 nanoindentation System
Analysis of Indentation technique requires some parameters to allow the estimations
correctly, among them: Young’s modulus, Poisson’s effect, yield strength, strain-hardening
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exponent, hardness, fracture toughness, and areas. The areas are calculated at different stages of
the process, during loading, holding and unloading. Figure 4.8 shows a representative curve for
the loading and unloading sections which are highly affected by a combination of elastic, plastic
and fracture response, whereas the hold portion is more influenced by viscoelastic (Oliver and
Pharr 1992).

Figure 4.8: Load vs Displacement curve representarive for nanoindentation experiments (Tiwari
2012)
The mechanical properties of the indented sample can be obtained by the initial
unloading response using the following equation:
…………………………………..………………………………………………4.3
where P is contact force, h indentation depth, Er is the reduce modulus and Ac is the contact area;
the latter two are calculated with equation 4.3:
…………………………………...….4.4
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………………………………………………………………………..……….4.5
In equation 4.5 the subscript i corresponds to the indentor, ν is the Poisson’s ratio, and E
corresponds to the Young Modulus. In the case of equation 7, hc is contact indentation depth,
and C0-C8 are constants calculated through calibration of a indenter contact area that can be
obtained by a manipulation of Sneddon analysis for the indentation of an elastic half space by a
flat, cylindrical punch, using the basic assumption that during the initial withdrawal of the
indenter, the contact area between the indenter and the specimen remains constant (Pharr, Oliver,
and Brotzen 1992). Nevertheless, the value for hc need to be carefully calculated using the
following formula:
………………………………………….………………………………….4.6
where Pmax and hmax are first point during unloading, and S is contact stiffness dP/dh. All the
tests were performed using a Hysitron TI 750 TriboIndenter where indentation was used to
derive a relation between the tungsten quantities and the mechanical properties of the films.
Load-controlled indentation tests were performed on each sample to determine the maximum
load that could be applied in the film without penetrating more than 10% of the total film
thickness. Indentations were done using a diamond Berkovich tip with a radius of curvature 396
nm to obtain values for hardness and reduced modulus of each sample. Ten indents were
performed for each film evaluated
4.4.6 RESIDUAL STRESS

The tungsten films were analyzed for residual stress using XD Broker D8 and
conventional XRD method of sin2ψ. This method uses traditional XRD Theta-2Tetha geometry
analysis to measure shifts in the spatial distances between parallel lattices of the films. The
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difficulty with this method is the penetration depth of the x-ray into such films where it was of
importance to probe only the first hundredths of nanometers where irradiation depth profiles
occur in interference of substrate peaks. Therefore a different technique was employed to
determine the spatial shift of thin films using Grazing –Incidence methods as prescribed by C.-H.
Maa et.al.(Maa, Huangb, and Chen 2002) Maa suggest a small incidence angle figure (4.9a) at a
fixed position that allows for small x-ray penetration into the material enough to avoid
interference with film-substrate interface. This method was employed and yield much higher and
broadly defined peaks. For the W peaks available from 15° to 70° (which were the scan ranges),
the best one for analysis was the (110) orientation roughly between 39° to 41°. The films were
positioned in the XRD equipment at a normal position with no tilt for the standard scan. Once the
peaks were identified all films were scanned further at different Psi (ψ) angles as shown below in
figure (4.9b). The angles ranged from -10 (which was the equipment’s limit) to +15. This range
allowed for a linear pattern to develop in the analysis in the positive and negative directions.
Within this range the increments of angle change were by 2.5°.Bragg’s reflections are broad and
there is significant defocusing at large Psi angles. Narrow slits give better resolution but much
lower count rate.
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(a)

(b)

(c)

Figure 4.9 Grazing incidence technique for residual stress measurements

XD Broker D8 was the equipment used for analysis. This system is specifically preferred for thin
films as opposed to a table top XRD system with BB geometry. A Z-axis analysis for calibration
was performed to identify the preferred height which yields the highest intensity during scans
according to the film’s thickness. The final setting for the XRD equipment were as follows:
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Z-axis: -0.425
Detector Range: 35°-45°
Scan speed: 1 deg/min
Increments: 0.02

α = d0-γ = (Xc/2)-0.5
Slit (on tube): 0.6 mm
-Bragg’s reflections are broad and there is significant defocusing at large Psi angles. Narrow slits
give better resolution but much lower count rate.

The following equation is derived by Maa et, al for an isotropic film.

The modulus of elasticity of the material (E) is assumed the same for bulk material as lattice
planes. To calculate exact (E) of the material, refer to ASTM-E 1426-94. The plot of strain over
angular displacement in peaks (below) gives us a linear relationship in which the slope indicates
the stress on the film.
4.4.7.1 ATOM PROBE SPECIMEN PREPARATION

Needle-shaped specimens for APT analysis were prepared by lift-out procedure
using an FEI Helios 600 Nanolab focused-ion-beam/scanning electron microscope
(FIB/SEM). Pure W and W-y films were sputtered onto a Si substrate; individual
nanoparticles were lifted out by contact with OmniProbe nanomanipulator and
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transferred onto a Si microtip array. Once the nanoparticles were placed on top of Si
microtips, electron-beam-assisted Pt deposition was used to coat the individual
nanoparticles. All manipulation of nanoparticles and Pt deposition were done using
only the electron beam without Ga-ion beam imaging. After Pt deposition, the
nanoparticles were subjected to annular milling using Ga-ion beam to form the final
needle specimens of the nanoparticles attached to the Si microtip array. If cavities were
observed between a nanoparticle and the Si microtip, electron-beam-assisted Pt
deposition was also performed during annular milling. Initial annular milling was
conducted at 30 kV and final milling was performed using 2 kV to minimize Ga
contamination in the final needle specimen. A schematic of the specimen preparation is
given in figure 4.10.
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Figure 4.10 Atom Probe Needle preparation
4.4.7.2 ATOM PROBE TOMOGRAPHY

Laser-assisted APT analysis was conducted using a CAMECA LEAP4000 × HR
atom probe tomography system with a 355-nm ultraviolet laser, 100-pJ laser pulse
energy, 50 K specimen temperature and evaporation rate maintained at 0.005 atoms per
pulse and 100 KHz. APT data were reconstructed and analyzed using IVAS 3.6.6
software.

4.5 IRRADIATION METHODOLOGY
4.5.1 ION IRRADIATION
Irradiation-induced damage, microstructure evolution, grain growth, and phase
transformation can be induced by ion and neutron irradiation when exposed to extreme
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environments and lead to failure. Therefore, the importance of a controlled experimentation
when a set fluence of disorders per atom can be attained and its effect investigated under
mechanical testing. The samples were then irradiated by Au3+ ions with a mass of 196 amu and
accelerated using an energy beam of 5 MeV in an angle of incidence of 7. Using the Stopping
and Range of ions in Matter (SRIM 2013) simulation package the beam current and irradiation
times (28sec, 4min 34 sec and 45min 42 sec) were calculated to produce a final distribution of
ions in the target no deeper than 800 nm and a fluence damage (ions/cm2) of 1.0E+14, 1E+15
and 1E+16 respectively (M Mayer 1999). Using this simulation package other important
information such as ionization energy loss by the ion into the target, energy transferred to recoil
atoms, backscattered Ions and Transmitted Ions can be obtained.
Using the results of the SRIM calculations, the average depth penetration of an Au+3
ions is 470 nm. A radiation damage simulation by ion allows easy variation of the irradiation
parameters such as dose, dose rate, and temperature over a wide range of values. In contrast to
neutron irradiation, ion irradiation enjoys considerable advantages in both cycle length and cost.
Ion irradiations of any type rarely require more than several tens of hours to reach the damage
levels in the 1-10 dpa range. Ion irradiation produces little or no residual radioactivity, allowing
handling of the samples without the need for special precautions
4.5.2 NEUTRON IRRADIATION
Sample neutron irradiation were carried out in University of Irvine Nuclear Research
reactor. The reactor is a 250 kilowatt steady-state power Mark I TRIGA reactor built by General
Atomics. Pulsing is possible to about 1000 megawatts. TRIGA reactors are water and zirconium
hydride moderated to be especially safe for training and research purposes. Fuel is uranium
enriched to less than 20% in U-235. During the irradiation, the reactor was operated at maximum
power of 250 Kilowatt and producing thermal neutrons with an energy 1E6eV. The neutron flux
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during irradiation is calculate to be 8.3E11n/sec*cm2 according to the latest calculation
performed by Irvine’s reactor personnel (March 2015). Irradiation time was carried out for
28,800 seconds to produce a calculated 0.0943 µC activity after the neutron exposure given a
theorethical cross section of 1.802 E -24 barns. Samples were placed and sealed (figure 4.11a)
under non-oxidizing environment vial and then placed in a bigger vial to ensure handling of the
tubes. The reactor is designed to have three sample irradiation ports for which the “Lazzy Susan
Carrousel” port was selected to ensure equal sample exposure time and fluence as depicted in
figure 4.11b.

(A)

(b)

(c)

Figure 4.11: 2TRIGA reactor Configuration and design
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Using the previously stated conditions neutron irradiation damage is completed given the
variation of the irradiation parameters such as dose, dose rate, and temperature and a ultimate
displacement per atom (DPA) damage was calculated to be 2.57E-4. In contrast to ion
irradiation, neutron irradiation enjoys considerable advantages to perfectly emulate material
conditions during typical operational reactor conditions, including tranmutatio of elements
during prolonged exposure.
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CHAPTER 5: PURE W AND W-Y SYSTEM
ABSTRACT
Extreme environments associated with nuclear applications often results in degradation of
the physical, mechanical and thermo-mechanical properties of the materials. Tungsten (W)
exhibits unique physical and mechanical properties, which makes tungsten a good candidate for
nuclear applications; however, intrinsic W exhibits low fracture toughness at all temperatures in
addition to a high ductile to brittle transition. In the present work, nanocrystalline W, W-Y alloys
with variable composition were nano-engineered for nuclear applications. Nanocrystalline
tungsten coatings with a thickness of ~1 µm were deposited onto Silicon (100) and Sapphire (Cplane) usung Direct Current (DC) sputtering techniques under variable argon (Ar) sputtering
pressure (PAr), which is varied in the range of 0-20 mTorr. Yttrium content has been varied to
enhance the irradiation tolerance under optimum concentration. The W, W-Y coatings were
characterized to understand the structure and morphology and to establish a mapping of
conditions to obtain phase and size controlled materials. The samples were then subjected to
depth-controlled irradiation by neutrons and Au3+ ions. Mechanical characterization of the
samples was performed before and after irradiation using nano-indentation and nano-scratch
techniques. The structure, mechanics and irradiation stability of the W and W-Y coatings are
presented and discussed to demonstrate that Y-addition coupled with nano-scale features
dramatically improve the irradiation tolerance of the coatings. The effect of PAr and associated
microstructure are significant on the mechanical characteristics; the hardness (H) and modulus of
elasticity (Er) of W-Y films deposited at lower PAr were higher but decreases continuously with
increasing P Ar. The pure W films deposited under optimum sputtering pressure exhibit the
superior mechanical characteristics: H=34 GPa, Er=328 GPa, H/Er=0.12, and H3/Er2=0.36 GPa,
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which are higher compared to pure, α-phase W-films. Finally, based on the results, structuremechanical property correlation in W-Y films is established.
5.1 INTRODUCTION
Tungsten (W) and W-based alloys and compounds have been the subject of intense
research in recent year(Chookajorn et al. 2012; Kuchuk et al. 2006; Liu et al. 2017; Su et al.
2009; Dubey et al. 2016; Park and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez,
Tarango, et al. 2016; Hao, Chen, and Xiao 2015; M Rieth et al. 2013; J. Kim et al. 2014; Ilić et
al. 2007; Reiser et al. 2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017). W
exhibit excellent physical and mechanical properties, such as high melting point, high erosion
resistance, reduced long-term activation and radiation tolerance, which makes this material of
particular interest for many scientific and technological applications(Hao, Chen, and Xiao 2015;
M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007; Reiser et al. 2015; Spindler et al. 2016;
Y. Kim and Choi 2017; Paul et al. 2017). W served the lighting industry (filaments) for decades
because of its exceptional strength and stiffness at high temperatures, good thermal conductivity,
low thermal expansion (4.43 ppm/◦C), and low resistivity (5.5 Ωcm)(Y. Kim and Choi 2017;
Paul et al. 2017; Yeung et al. 2016; Chen and Colinge 1995). Among the refractory metals, W is
a very hard metal. In view of excellent thermal and electrical properties, W has been widely
employed in electrical contacts, glass-to-metal seals and electrodes, and diffusion barriers in
microelectronics(Chen and Colinge 1995; Karabacak et al. 2005; Sarker 2014; Rossnagel,
Noyan, and Cabral 2002). Additionally, W and W-based alloys find extensive applications in
nuclear reactors(M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007; Reiser et al. 2015; Paul
et al. 2017). Due to attractive combination of high thermal stability and low thermal expansion,
both intrinsic W as well as W-based alloys were accepted as high heat flux components in
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divertor structure in future thermonuclear reactor design(Reiser et al. 2015; Spindler et al. 2016;
Y. Kim and Choi 2017; Paul et al. 2017). W-based alloys are being considered as the candidates
for the future fusion nuclear reactors, especially for the plasma facing components(Reiser et al.
2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017). Furthermore, recently, Wbased materials were proved to be excellent candidate materials for nuclear radiation shielding(J.
Kim et al. 2014). For instance, Kim et al. presented a new class of gamma radiation shielding
materials consisting the nano-W dispersed in polymer nanocomposites whose radiation
attenuation is greatly enhanced compared to their micro-W containing counterparts(J. Kim et al.
2014). Thus, the exceptional stability of nanocrystalline W-based alloys is promising and assure
that they can meet the requirements of future technology developments and open new
directions/avenues to design and develop other W-based alloys with superior strength, hardness,
and thermal stability.

However,

pure W exhibits

low

fracture toughness at

all

temperatures(Lassner and Schubert 1999; Michael Rieth and Dafferner 2005; Yajima et al. 2014;
Faleschini et al. 2007). In addition, it exhibits a high ductile to brittle transition, which depends
on the chemical and microstructure. It has been demonstrated that these limitations are mainly
due to the nature of dislocations and their impact on stress evolution in W(Armstrong and Britton
2014). In bcc metals such as W, neutron irradiation typically causes embrittlement and swelling.
During fusion reactor operation not only neutron displacement is anticipated to damage the
structural morphology and integrity of the material but also induce mecanical properties
diminishing by solid transmutation of elements(Klueh 2004). Consequently by increasing the
neutron fluence, solid transmutation of W into Rhenium and Osmium alloys can occur.

It has been widely demonstrated in the literature that the properties and phenomena of
pure W and W-based alloys and compounds can be controlled by tailoring the composition and
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processing conditions(Chookajorn et al. 2012; Kuchuk et al. 2006; Liu et al. 2017; Su et al. 2009;
Dubey et al. 2016; Park and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez, Tarango,
et al. 2016; Hao, Chen, and Xiao 2015; M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007;
Reiser et al. 2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017; Yeung et al.
2016; Chen and Colinge 1995; Karabacak et al. 2005; Sarker 2014). On the other hand,
processing and manipulating the structure at the nanoscale dimensions, where surface and
interface microstructure plays a key role, can provide excellent opportunities to further improve
the desired properties and phenomena(Liu et al. 2017; Su et al. 2009; Dubey et al. 2016; Park
and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez, Tarango, et al. 2016; Hao, Chen,
and Xiao 2015; Rossnagel, Noyan, and Cabral 2002; Karabacak et al. 2004; Kaidatzis et al.
2016). Intrinsic or tungsten-based multi-component alloy films for the aforementioned
technologies can be prepared using a wide variety of physical and chemical deposition methods.
While simple evaporation, sputtering and chemical vapor deposition (CVD) are the most
commonly used processes in industry, however, properties and phenomena of W thin films
depend on the processing conditions such as base pressure, growth temperature, working
pressure, deposition rate and annealing conditions. Furthermore, in terms of phase and
microstructure considerations, W crystallizes in two different structures (Hao, Chen, and Xiao
2015; Ilić et al. 2007; Karabacak et al. 2005; Rossnagel, Noyan, and Cabral 2002; Karabacak et
al. 2004; Kaidatzis et al. 2016; O’Keefe and Grant 1996); (1)It has been reported that it is
possible to grow the thermodynamically stable body centered cubic (bcc) phase (α-W) and (2) a
metastable A15 phase (β-W). The lattice parameters of α-W and β-W are 3.16 Å and 5.04 Å,
respectively. (Hao, Chen, and Xiao 2015; Ilić et al. 2007; Karabacak et al. 2005; Rossnagel,
Noyan, and Cabral 2002; Karabacak et al. 2004; Kaidatzis et al. 2016; O’Keefe and Grant 1996)
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The physical, chemical, electronic and mechanical properties of α-W and β-W are quite different.
Therefore, the controlled growth and manipulation of specific crystal structures of W-based
alloys and compounds at the nanoscale dimensions has important technological implications. The
impetus for the present work is to first derive a comprehensive understanding of the crystal
structure, phase, surface and interface morphology, mechanical properties and electrical
properties of nanocrystalline W and W-Y alloys thin films. Secondly is to understand influence
of ion irradiation effects to coating microstructure development in pure W coatings and how
incorporation of Yttrium atoms can contribute to nanoengineer self-healing materials.

Recently, doping and/or alloying of W with elements such has Ti, Si, Cr, Re has been
widely considered to engineer the physical, mechanical and tribological properties. One of the
major reasons in the direction was to improve the limited ductility at lower temperatures of W
without compromising the mechanical performance of the material.(M Rieth et al. 2013) On the
other hand, efforts were also directed to further improve the mechanical properties. Solid
solution strengthening has been a mechanism to enhance mechanical properties by introducing
particles to reduce glide of dislocations. That is the simplest understanding of solid solution
strengthening, but also one might consider solute/dislocation interactions, dislocation core
structures and chemistry effects of the mixture.(C.-F. Pai et al. 2014) Furthermore, it is
imperative to consider the Y to incorporate into W-matrix to produce W-Y nanocrystalline films
for the following reasons. Yttrium is an element that shows exceptional properties at high
temperatures such as the strength of the material and resistance to corrosion(Moosa, Rothman,
and Nowicki 1985). Y based alloys are usually known for high temperature tolerance and yttrium
considerably improved the alloy’s performance, specifically in terms of improved wear
resistance and mechanical behavior(Wang and Li 2001). In addition, alloying W with elements
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such as Si and Ti can lead to structural distortion, which induces lattice parameter enhancement
leading to higher level of stresses.(Cavaleiro and Louro 2002) Also the difference in atomic radii
is expected to help stabilize the grain boundaries and interfaces. However, this also brings the
question of solubility limits of Y into W that could lead to excessive internal stresses that
detriment crystal formation. To understand this phenomena from solubility standpoint, we have
undertaken a chemical approach, where the Y content was varied in the target. Thus, the targets
employed in this work are pure W(100%), W(95%)-Y(5%) and W(90%)-Y(10%), which enabled
us to produce W-Y alloy coatings with variable Y-content. Furthermore, the significance and
technical merit of this approach can be understood as follows. The recent efforts toward the
controlled growth and manipulation of specific crystal structures of W-based materials at the
nanoscale dimensions indicate their important technological implications and promise for future
developments.(Hao, Chen, and Xiao 2015; O’Keefe and Grant 1996) For instance, while
realizing the metastable β-W films has been technologically challenging, recent discovery and
successful demonstration of large spin-orbit coupling leading to a giant spin Hall effect (GSHE)
in highly resistive β-W films has garnered the attention of researcher to utilize these phenomena
in the design and development of advanced electronic devices. (Hao, Chen, and Xiao 2015;
O’Keefe and Grant 1996) The spin Hall angle of β-W is the largest among transition elements.
(Hao, Chen, and Xiao 2015; O’Keefe and Grant 1996) The newly discovered GSHE in
mechanically hard and electrically high resistive β-phase W films is expected to revolutionize the
future spintronic magnetic random access memories (MRAM) and spin-logic electronic devices.
(Hao, Chen, and Xiao 2015; O’Keefe and Grant 1996). Moreover, in spite of numerous studies
on alloying W with other elements, the fundamental science of nanocrystalline W-Y thin films is
not well understood at this time. Therefore, an attempt is made to produce nanocrystalline W-Y
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films by sputter-deposition under variable sputtering pressure and Yttrium content and to study
their crystal structure, phase, surface/interface microstructure, and properties and functional
performance characteristics. Based on the results, structure-mechanical-electrical property
correlation, which may be useful as a road-map to optimize the conditions to produce materials
for various technological applications, in W-Y films is established. We believe that the structurephase-mechanical- property correlation established may provide further options to tailor the
quality and performance of W-Y films for next generation fission and fusion reactors.

5.2 EXPERIMENTAL

5.2.1 FABRICATION
Nanocrystalline W-Y thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. Three different targets were employed in this work to
produce W-Y thin films with variable Y-content. The targets used are: (1) pure W(100%)-target
with a purity of 99.999%; (2) W-5Y alloy target with a composition of W (95 wt%) + Y (5 wt%);
and (3) W-10Y alloy target with a composition of W (90 wt%) + Y (10 wt%). All the targets
were obtained from Plasmaterials, Inc. The target dimensions are 2 inch diameter and 0.125 inch
thickness. All of them were obtained with a purity of 99.999%. The substrates were thoroughly
cleaned and dried with nitrogen before introducing them into the vacuum chamber trying to
eliminate most of the contaminants. The chamber was initially evacuated to a base pressure of
2x10-7 Torr. The pure W and W-Y target were placed on the 2 in. sputter gun, which was placed
at a distance of 8 cm from the substrate. A sputtering power of 40 W was initially applied to the
target while introducing high purity argon (Ar) into the chamber to ignite the plasma. Once the
plasma was ignited, the sputtering power was slowly increased to 120 W to deposit W-Y films.
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The substrates were rotated during deposition at a rate of 3-4 rpm to ensure lateral isotropy of the
films. The fabrication conditions employed for W and W-Y films are listed in Table 5.1. The
first study consisted in sputter-deposition of samples under variable argon sputtering pressure
(PAr), which is varied in the range of 0-20 mTorr while keeping the substrate temperature (Ts)
constant at 200 °C. The second set of samples were produced with variable Y-content i.e.,
employing W-5Y and W-10Y targets. These samples were also produced under identical
conditions of fabrication i.e., sputtering pressure in the range of 0-20 mTorr while keeping the
substrate temperature fixed at 200 oC. The Ar flow was controlled using MKS mass flow meters.
The deposition was made to obtain a film thickness of ~1 µm. Before each deposition, the W and
W-Y alloy targets were pre-sputtered for 15 min with the sample shutter closed in order to obtain
stable plasma and remove the contaminants.
Table 5.1 The fabrication conditions employed for W and W-Y films
Physical Parameter
Base pressure
Sputtering power
Argon sputtering pressure PAr
Deposition Time
Target-to-substrate distance
Substrates
Deposition temperature

Set Value
2 x 10-7 Torr
120 W
3,5,9,14,19,25
1.5 hrs.
8 cm
Silicon (100)
200 oC

Target Composition
W pure (99.999%)
W-Y (95-5 wt.%)
W-Y (90-10 wt.%)

5.2.2 CHARACTERIZATION

CRYSTAL STRUCTURE AND MORPHOLOGY
The crystal structure, phase and morphology of pure W and W-Y alloy thin films was
analyzed using grazing incidence X-ray diffraction (GIXRD) and Scanning electron microscope
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(SEM). GIXRD measurements on W-Mo films were performed using a Bruker D8 Advance Xray diffractometer. All the measurements were made ex-situ and as a function of variable PAr.
GIXRD patterns were recorded using Cu Kα radiation (λ=1.54056 Å) at room temperature. The
X-ray beam was fixed at a grazing incidence of 0.5°. The scanning was performed in a 2θ range
of 15–70 using the “detector scan” mode where the detector moves independently to collect the
diffraction pattern.
Surface imaging analysis of pure W and W-Y alloy thin films was performed using a
high-performance and ultra-high resolution scanning electron microscope (Hitachi S-4800).
CHEMICAL COMPOSITION
Rutherford backscattering spectrometry (RBS) measurements were made using a NEC
3MV tandem accelerator (9SDH-2) to understand the chemical composition and elemental depth
distribution of the W-Y−Si (100) samples. An incident ion beam of 2 MeV He+ at 7° angle of
incidence was used. The backscattered ions were detected using a silicon barrier detector at a
scattering angle of 150°. Composition and depth profiles were determined by simulating the
experimental backscattered spectra from ion beam analysis using SIMNRA software.38,39 The
error of estimation is ±0.02 at. % ± 1 nm for concentration and thickness/depth values,
respectively.
MECHANICAL CHARACTERIZATION - NANOINDENTATION
In order to fully investigate the mechanical properties and to understand the structuremechanical property relationship in pure W and W-Y alloy thin films, both the hardness (H) and
reduced elastic modulus (Er) of the deposited films were probed using a Hysitron TI750 Tribo
nanoindenter. Nanoindentation measurements were made employing a triangular pyramid
Berkovich diamond indenter with normal angle of 65.3 ° between the tip axis and the faces of
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triangular pyramid and the effective size of apex is about 100 nm. Standard procedures were
employed to derive the mechanical properties with the help of loading and unloading curves.
(Oliver and Pharr 1992; Hussein Nili et al. 2013)The method developed by Oliver and Pharr was
employed to calculate the mechanical characteristics (H and E r).(Oliver and Pharr 1992) Using
this method, Er can be calculated by finding the stiffness (S) of the film from the slope of the
unloading curve. The relation between E r and S can be described using:
(1)

where A is defined as the area of contact at peak load.(Oliver and Pharr 1992) To find the
hardness values, the same value for area of contact is used along with the maximum load (P max)
in:

(2)

Load controlled indentation tests were performed initially on each sample to determine
the maximum depth that would not be more than 10% of the total film thickness to minimize the
substrate effect. All the indentation tests have been performed using a constant load of 1000 µN,
which has penetration depth of ≤10% of the alloy films to satisfy the nanoindentation criterion of
penetration depth and repeated at least 25 times for statistical average on each and every film
sample.
ADHESION AND INTERFACIAL BONDING - SCRATCH TEST
The scratch tests were also performed using Hysitron 750 nanoindenter but with conical
diamond indenter (r=0.47 μm). Tests were conducted by simultaneously driving the indenter into
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the films at a loading rate of 88 μN/s and across the films at a lateral displacement rate of 0.17
μm/s to a maximum load of 8000 μN, this try to only encouragement elastic-plastic deformation.
During each test, the normal and tangential loads and the scratch distance were continuously
recorded. The conical diamond indenter is drawn across the coating surface under increasing
load (10 µN to 8000 µN) until the film is removed in a regular fashion; the load corresponding to
failure gives a guide to the adhesion strength and is referred to as the ‘critical load.'
5.3 RESULTS

5.1.1. CHEMICAL COMPOSITION
Chemical composition analysis of the W-Y sputtered samples made using RBS
measurements confirmed the presence of W and Y in all the samples. The RBS spectra of W-Y
films are shown in Figure 5.1. The data shown are for W-Y films deposited under variable
sputtering pressure. The experimental and simulation data are shown. The backscattered ions
observed were due to various elements, and their respective energy positions are as indicated by
arrows for the experimental spectrum. The scattering from W, the heaviest among the elements
present in either the film or substrate, occurs at higher backscattered energy (1780 keV).
Similarly, for Y, the peak is located at the backscatter energy of 1250 keV as shown in the RBS
spectra (Figure 5.1). The measured height and width of the respective peaks are related to the
concentration and thickness distribution of Y and W atoms in the film and serve as a calibration
check for composition and thickness since known Rutherford scattering cross section and
experimental parameters can be used to calculate the height and width(M Mayer 1999). As
indicated in Figure 5.1, the step edge and peaks due to ion backscattering from Mg (substrate)
and O atoms (film) are observed at 505 and 660 keV, respectively. The composition and
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thickness of the films were determined by simulating the experimental spectrum for the set of
experimental conditions.

Figure 5.1 RBS Spectra indicating W, Y and Substrate peaks

The procedure utilized to derive the chemical composition of the grown films is as
represented in Figure 5.1. The experimental curve (circles) along with the simulation curve
(lines) calculated using SIMNRA code are shown in Figure 5.1. The simulated curve was
calculated using SIMNRA code(M Mayer 1999) for the fixed set of experimental parameters: (1)
incident He+ ion energy, (2) integrated charge, (3) energy resolution of the detector, and (4)
scattering geometry. It can be seen (Figure 5.1) that the simulated curves (solid line) calculated
using the experimental parameters are in good agreement with the experimental RBS spectra.
This observation indicates that film composition reasonably simulates the spectra and provides
the estimate of composition. The results obtained from the simulation of the RBS data indicate
the increasing percentage of Y in the films with increased initial Y concentration in the target.
With respect to sputtering pressure PAr it can be observed from Table 5.1 that PAr has no effect in
Y-content of the films.
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Table 5.2 Yttrium Concentration from RBS

Yttrium Concentration from RBS (at%)
3mTorr 5mTorr
Target

9mTorr

14mTorr

19mTorr

25mTorr

3

3

4

3

4

3

7

7

8

7

8

7

W-Y(95-5Wt.%)

Target
W-Y(90-10Wt.%)

5.1.2.

CRYSTAL STRUCTURE AND PHASE
The GIXRD diffraction patters of pure W and W-Y alloys films deposited under variable

PAr are shown in Fig. 5.2. The data of W-Y films is compared with α- and β- phases of pure
W.(Hao, Chen, and Xiao 2015; Rossnagel, Noyan, and Cabral 2002; Karabacak et al. 2004;
Kaidatzis et al. 2016; O’Keefe and Grant 1996; Vüllers and Spolenak 2015). The patterns and
peak assignment represented in Fig. 5.2(a) indicate that pure W alloy films deposited at various
PAr crystallize in the α-phase of W with a preferred (110) texturing(Vüllers and Spolenak 2015)
However, it is evident that increasing P Ar induces a change in the peak shape and intensity. These
changes begin to appear at PAr≥9 mTorr, where peak broadening coupled with intensity decrease
is evident. These changes become more dominant for W films deposited at high pressures
(PAr≥14 mTorr). This observation is a clear indication of the crystal quality degradation or poor
crystallinity of the films. The patterns and peak assignment for W-Y (5wt.%) represented in
Figure 5.2(b) indicates that these films deposited at various P Ar crystallize with a preferred (110)
texturing as seen before for pure W films. The W-Y(5wt%) films also followed the similar
behavior; however, PAr≥14 mTorr affects film crystallinity. The Y-addition to the W matrix in
5≥wt% doesn’t appear to have an effect on the crystal structure. In Figure 5.2(c), the patterns and
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peak assignment indicate that W-10Y films also crystalize in the α-phase of W with a preferred
(110) texturing. However a mixture of β(200) and of β(211) indicate a secondary phase
formation at all sputtering pressures. This is believed to be caused by increased Y-concentration
in the W-Y films. Atomic radii difference between W (139 pm) and Y(180 pm) is greater than
25% difference and is believed to cause yttrium segregation to the grain boundaries since W
atomic substitution is not plausible. Note that the adatom mobility influences the texturing
and/or preferred orientation of the growing film. Several models, such as thermodynamic or
growth kinetic models, exist to explain the correlation between processing parameters and
texture development in thin films deposited by physical vapor deposition methods(Oh and Je
1993; Hultman et al. 1998; Gall et al. 2003).

Figure 5.2 XRD full spectra for pure W and W-Y films
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The PAr dependence of crystal structure and texturing of pure W and W-Y alloy films can
be, therefore, understood from the considerations of an interplay between thermodynamic and
kinetic factors. Thus, under the lower PAr, it appears that the films surface gains additional
energy, which in turn results in an increase in the mobility of ad-atoms on the film surface.
The lattice parameter (a) values calculated from XRD are shown in Fig. 5.2. The data
(Fig. 5.2a) is consistent with the observation of specific α-phase in pure W films. No significant
effect of variable P Ar on ‘a’ of pure W and W-Y (95-5wt.%) films is evident (Fig. 5.2a). The a
values of pure W and W-Y(95-5wt.%) films are ~3.16 (±0.01) Å. However for W-Y(90-10wt.%)
lattice constant values are lower, a~3.12 (±0.01) Å. For all three compositions pure W, W-Y
(95-5wt.%) and W-Y (90-10wt.%) lattice parameter values are lower than those reported for α-W
bulk (3.16 Å) (Karabacak et al. 2005; Sarker 2014; Rossnagel, Noyan, and Cabral 2002). The
average grain size (d) was calculated from the integral width of the diffraction lines using the
Scherrer’s equation after background subtraction and correction for instrumental broadening.
The Scherrer equation(Cullity 1956) is:
d=0.9λ/βcosθ

(1)

where d is the grain size, λ is the wavelength of X-rays, β is the width of a peak at half of its
intensity, and θ is the angle of the peak. The variation of d with PAr is presented in Fig. 5.3b.
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Figure 5.3 XRD calculated lattice parameter for pure W and increasing Y content films
It can be noted that the grain size is in the range of 6-22 nm for W thin films. The high
end of d value (24 nm) is noted for W films deposited at P Ar=3-5 mTorr. However, there is a
sharp decrease in grain size down to 10 (±2) nm range with increasing PAr beyond 5 mTorr. As
generally noted in PVD thin films, the d-PAr relationship can be explained on the basis of two
general but different effects of sputtering pressure(Harsha 2015; Assunção et al. 2003). The
mean free path increase which occurs at lower PAr is the first. For lower PAr, the sputtered species
undergo less collisions between the substrate and the target and results in an increased mean
path. As a result, the net kinetic energy of the sputtered species increases, which causes an
increase of the particles’ mobility on the film surface. Under these conditions, the sputtered
species or particles experience a higher driving force to find or migrate to more suitable lattice
sites which helps the nucleation and growth(Harsha 2015; Assunção et al. 2003). As a
consequence, the crystalline nature of the film increases with appreciable grain size. The higher
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values of d noted for W-Y films at lower PAr (3-9 mTorr) can be attributed to this mechanism.
The second is surface damage caused by bombardment of the sputtered species(Harsha 2015).
Thus, at higher PAr, the crystallinity is deteriorated.

22

Pure W

20

Grain Size (nm)

18

W-Y (95-5wt.%)

16
14
12
10

W-Y (95-5wt.%)

8
6
4

2

4

6

8

10

12

14

16

18

20

22

24

26

Sputterign Pressure PAr (mTorr)
Figure 5.4 XRD calculated average grain size for pure W and increasing Y content films

5.3.3 SURFACE AND INTERFACE MORPHOLOGY
The effect of PAr is significant on the surface morphology evolution of pure W and W-Y
films as shown in Fig. 5.5, where the SEM images are shown as a function of PAr. Note that the
adatom mobility on the surface is dependent on PAr since deposition temperature is constant. The
morphology evolution of these films as a function of P Ar is very interesting. The feather-like
dense particles can be noticed in SEM images for pure W and low Y (95-5wt.%) content ﬁlms
deposited at lower PAr<5 mTorr. These samples exhibit intense (110) peak. In the case for
maximum Y content (10 wt.%) employed in this work, there is no grain formation until P Ar≥ 9
mTorr where island grain formations start to appear. It is evident from this observation that the
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Y-content has remarkable effect on the morphology. A marked difference in the surface
morphology can be noted for the films deposited at higher P Ar. For pure W and W-5Y content
films, the feather-like particles formation transitions at PAr≥14 mTorr to a dense worm like
morphology, coupled with grain size decrease. The high sputtering pressure P Ar≥9 mTorr is
evidently beneficial for high Y content as the morphology starts forming crystals.
It is also well known that voids form as a consequence of both surface roughness and
shadowing effects, which will lead to the development of the loose film structure. Thus, the
observed dense fine-fiber structure for both W and W-Y (95-5wt.%) films deposited at lower PAr
is due to the effect of the high adatom energy. On the other hand, slightly porous but well
maintained columnar structure at the intermediate P Ar=9 mTorr may be the signature of reduced
ad-atom energy leading to reduced surface mobility. Thus, the lower adatom or particle energy
and, hence, the limited diffusion accounts for the observed microstructure of both W and W-Y
alloy films at high argon pressure. The variation of microstructure for the three compositions was
also corroborated by the X-ray diffraction analyses, where the tendency of the films deposited
under higher PAr to exhibit degradation in structural quality was evident in changes in the peak
intensity and shape in the case of pure W and low concentration of. However, this is not the case
of samples with Y-concentration, the high PAr (=19 mTorr) effects are clearly observed in both
XRD and SEM data. That particular sputtering pressure forms the best stable single α-phase peak
intensity, coupled with the dense grain formation for high Y (10 wt.%) concentration.
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Figure 5.5 Scanning electron micrographs for varied sputtering pressure and Y content

5.3.4 MECHANICAL PROPERTIES (HARDNESS AND ELASTIC MODULUS)
The variation of hardness and elastic modulus of pure W and W-Y films with PAr is
presented in Fig. 5.6. It is clearly seen that the H and Er values of W-Y films start high and then
decreases as the sputtering pressure increases. For all compositions the lowest PAr= mTorr
exhibit the maximum hardness (34 GPa) and elastic modulus (328 GPa) values. These values are
higher than that of coarse-grained bulk W, which exhibits a hardness value of only ~3.92
GPa(Sun et al. 2010). The superior mechanical properties and their functional dependence on P Ar
are primarily due to the surface texturing and interface microstructure of W-Y films.
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Additionally, it should be noted that the H and Er values of these pure W and W-Y thin films are
higher compared to either WO3, WMo(Martinez and Ramana 2017) or W-Mo-O composite
films(Dubey et al. 2016).
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Figure 5.6 Harness and reduced modulus for increasing sputtering pressure and Yttrium content

In order to make further assessment on the mechanical behavior and to understand the
effect of Y on the mechanical behavior of W-Y films compared to pure W films, analysis of H/E r
and H3/Er2 is made. The H/Er and H3/Er2 values as a function of variable PAr are presented in Fig.
5.7(a,b). These values are calculated from the experimentally determined H and E r values. It is
evident that the H/Er and H3/Er2 values of W-Y films exhibit the similar functional dependence
on PAr when compared to pure W. The H/Er ratio is high and then decreases with increasing P Ar.
The H/Er ratio is generally called the plasticity index(Dubey et al. 2016; Musil et al. 2002;
Leyland and Matthews 2000; Santos, NascimentoII, and Camargo 2013). The H/Er ratio has been
proposed as a key parameter to indirectly estimate the wear resistance(Musil et al. 2002; Leyland
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and Matthews 2000; Santos, NascimentoII, and Camargo 2013). The high value, H/Er≥ 0.1,
indicates that the film exhibits high elastic recovery or high wear resistance. It is important to
recognize that both pure W and W-Y(90-10wt.%) films exhibit high values of H/Er, which
characterizes the hard nature of all of the W and W-Y films. However, it is important to note that
higher sputtering pressures affect less compared to the pure W exhibiting slightly higher values
at higher pressures.
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Figure 5.7 H/Er and H3/E2r ratios
5.4 DISCUSSION

The results obtained can be conveniently used to discuss the combined effect of surface
and interface microstructure variation as a result of Y-incorporation and sputtering pressure in
W-Y films. Specifically, as evident from the results that, these parameters show a strong
influence on the crystal structure, phase stabilization, surface/interface microstructure evolution
and mechanical properties on of W-Y films. It is well known that the thermodynamic parameters,
namely the temperature and pressure during deposition, influences the growth behavior, crystal
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structure and grain-size variation, and surface/interface morphology evolution in thin films
produced by vapor transport processes(Vüllers and Spolenak 2015; Harsha 2015; Ohring 1992;
Thornton 1974; Knuyt et al. 1996). The adatom mobility, which in turn dependent on P Ar,
influences the texturing and/or preferred orientation of the growing film. Several models, such as
thermodynamic or growth kinetic models(Vüllers and Spolenak 2015; Oh and Je 1993; Hultman
et al. 1998; Gall et al. 2003), exist to explain the correlation between processing parameters and
texture development in thin films deposited by physical vapor deposition methods. In addition,
according to the crystal growth kinetics and the texture evolution of a growing film, the surface
energy of an evolving film is the driving factor for the texture evolution(Knuyt et al. 1995; Rubio
et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011). Thus, the PAr dependence
of crystal structure and texturing of W-Y alloy films as noted in this work can be understood
from the considerations of an interplay between thermodynamic and kinetic factors.
The deposition rate and growth behavior under the influence of P Ar are primarily
determined by the mean free path (

of sputtered species according to(Vüllers and Spolenak

2015; Ohring 1992; Thornton 1974):
(2)

where kB is the Boltzmann constant, T is the absolute temperature, P is the pressure, and rg and
rm are the ionic radii of Ar gas and W metal, respectively. Increasing pressure increases
availability of Ar atoms for ionization. As a result, a larger amount of Ar + ions can partake in
target interactions and, hence, increase sputter rates which in turn directly influence the
deposition and film growth(Vüllers and Spolenak 2015). First, we consider the formation of
nanocrystalline W-Y films and subsequently discuss the observed texturing. In general, the
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crystalline versus amorphous growth of metal or alloy thin films resulting from physical vapor
deposition is influenced by the growth temperature, which is an important thermodynamic
parameter(Rubio et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011). For thin
films of metals or alloys or composites, the condensed species may stay stuck to the regions
where they are landing thus leading to an amorphous films or amorphous matrix if Ts is low so
that the period of the atomic jump process of ad-atoms on the substrate surface is very large
(Rubio et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011; Dubey et al.
2016). Note from XRD that all of the pure W and W-Y films in this work are nanocrystalline
although the structural quality degradation occurs at higher P Ar. Thus, since the nanocrystalline
films occur in the entire range of PAr and no substrate-bias is provided, a deposition temperature
of 200 oC is optimum to provide thermal energy to result in crystalline films resulting from
vapor-transport deposition from the different target compositions.
The (110) texturing of pure W and W-5Y films can be explained as follows. The adatom
surface diffusion occurs among planes and among grains during the initial and growth stage at
the surface of thin films(Liu et al. 2017; Hultman et al. 1998; Gall et al. 2003; Zhang et al. 2014).
There are two types of surface diffusion that influence the preferred texturing. The surface
diffusion among planes is the first. This occurs when surface adatom mobility is low. Thus, the
crystallite on the plane that has lower surface diffusivity parallel to the substrate survive and
become preferred orientation, which corresponds to a high-surface-energy plane. The second is
the surface diffusion among grains which occurs in either the initial or growth stage. This
mechanism is operative when surface adatom mobility is high. In this case, the lowest-surface
energy plane becomes the preferred orientation(Liu et al. 2017; Hultman et al. 1998; Gall et al.
2003; Zhang et al. 2014). Therefore, (110) texturing of both pure W and W-Y(95-5) films as
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noted in XRD data is due to the minimization of energy. Thus, under given conditions of
deposition temperature and pressure to promote the formation of crystalline films, the growth of bcc
pure W and W-Y (95-5) with crystallites in preferred (110) texturing is thermodynamically
preferred. Such a preferred (110) texturing has been reported in sputter-deposited W(Shen 2003;
Hao, Chen, and Xiao 2015). Anisotropy exists in polycrystalline or nanocrystalline materials and
the strain energy densities will typically be different for different crystallographic
directions(Kalidindi, Manciu, and Ramana 2011; Vemuri et al. 2010). As shown by our group for
a wide variety of materials deposited by physical vapor deposition methods(Rubio et al. 2016;
Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011), the crystal growth will favor those
orientations with low strain energy density. Therefore, a combination of low PAr with optimum
Ts favors the preferred orientation along (110) while minimizing the strain-energy in these films.
The decreasing lattice parameter (3.17-3.14 Å) for both pure W and W-Y (5-5) are
considerably lower than that reported for α-W bulk (3.16 Å) can be due sputtering pressure and
Y incorporation. Perhaps, the difference in radii of W and Y coupled with nanoscale effects may
be the reason for the observed difference in lattice parameter values of nanocrystalline, α-phase
W-Y films compared to that of α-W bulk. The comparison of empirical atomic radii between W
(0.137 nm) and Y (0.180 nm) suggests a solid solution where Y atom cannot be a substitutional
defect due to diameter difference(Shackelford 1985). This phenomenon is observed with yttrium
(≤ 5wt%) alloying of W(Avettand-Fènoël et al. 2003). Thus, lattice parameter decrease can be
expected when alloying W with those metals with lower or comparable radius. However, lattice
parameter enhancement due to the larger radius of the respective element has been reported in
the literature for W-Si and W-Ti alloys(Cavaleiro and Louro 2002). Therefore, net result of
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either lattice expansion or contraction is primarily due to the size of the element chosen to
incorporate into W.
The dependence of the surface and interface microstructure evolution in W-Y films on
the sputtering pressure can be described as follows. It is well known that the number of collisions
between sputtered atoms and gas atoms is dependent on the P Ar during the sputter-deposition
process of thin films(Liu et al. 2017; Dubey et al. 2016; Vüllers and Spolenak 2015). Therefore,
according to eq. (4), under lower PAr the sputtered atoms encounter fewer collisions before
reaching the substrate(Liu et al. 2017; Dubey et al. 2016; Vüllers and Spolenak 2015). Hence,
the sputtered species have sufficient energy for surface diffusion to preferred nucleation sites and
accommodate in a regular fashion. As a result, the films possesses high degree of crystalline
structure and/or texturing(Liu et al. 2017; Vüllers and Spolenak 2015). On the other hand, at a
higher pressure, the sputtered atoms undergo more collisions which in turn cause a decrease in
the kinetic energy and an increase in the probability of the agglomeration of deposited atoms. It
implies that the diffusion of adatoms becomes restricted, even sitting on incorrect positions to
expand the lattice plane. Moreover, the potential for film damage due to the peening effect is
reduced; thus, the agglomeration of deposition adatoms is promoted.
It is evident from SEM data that the W and W-Y films’ interface microstructure changes
from a dense fine-fiber to columnar structure as PAr increases. We believe that the interface
microstructure evolution is mainly due to the variation in adatom or particle energy as a function
of PAr. In general, in the sputter-deposited films, the interface microstructure is strongly
dependent on the adatom or particle energy of the growing film. Thus, the observed dense finefiber structure for W-Mo films deposited at lower PAr is due to the effect of the high adatom
energy. On the other hand, slightly porous but well maintained columnar structure at the
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intermediate PAr values may be the signature of reduced ad-atom energy leading to reduced
surface mobility(Liu et al. 2017; Vüllers and Spolenak 2015). However, the lower adatom or
particle energy and, hence, the limited diffusion accounts for the observed microstructure of W
and W-Y films at high PAr. Such differences in surface and interface microstructure of the PVD
films as a function of PAr were also noted in pure W(Vüllers and Spolenak 2015), Ti(Chawla et
al. 2009), Cr(Foroughi-Abari, Xu, and Cadien 2012) and W-B alloys(Liu et al. 2017).
Additionally, the variation of microstructure for W-Mo films was also corroborated by the X-ray
diffraction analyses, where the tendency of the films deposited under higher P Ar to exhibit
degradation in structural quality was evident in changes in the peak intensity and shape.
Finally, the origin of superior mechanical properties their functional dependence on the
microstructure in W and W-Y alloy films can be understood as follows. As evident from the
results, W and W-Y films deposited at PAr=5 mTorr exhibit the maximum hardness (24.5 GPa)
and elastic modulus (240 GPa) values. These values are higher than that of coarse-grained bulk
W, which exhibits a hardness value of only ~3.92 GPa(Sun et al. 2010). These higher values of
H and Er are, undoubtedly, due to the texturing and interface microstructure of W and/or W-Y
films. Note that these parameters (Er and H) are an intrinsic mechanical property of a material
dominated by the strength and chemical bonds between constituent atoms(Ji et al.
2008)(Sherman and Brandon 1999; Pellicer et al. 2010). In addition, in the light of plastic
deformation, the higher the resistance to plastic deformation the higher the hardness as revealed
by H, Er, H/Er and H3/Er2. Size reduction also accounts for the observed enhancement in the
mechanical characteristics of W and W-Y films. The role of grain boundaries in hindering
dislocation motion is enhanced significantly with the reduction in grain size.(Sherman and
Brandon 1999; Tjong and Chen 2004; Pellicer et al. 2010). This enhancement in turn results in
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increased stress concentration at grain boundaries due to dislocation pile-up. This can be
understood from the so called Hall-Petch relationship, which postulates that H is inversely
proportional to the square root of grain size. In addition, it has been reported that the occurrence
of intragranular nanotwins also enhances the material strength(Pellicer et al. 2010). Actually,
twin boundaries can act in an analogous manner as high-angle grain boundaries in terms of
disrupting dislocation motion and have been shown to be particularly effective in impeding the
propagation of single dislocations. According to the well-known Hall-Petch relation,
conventional polycrystalline metals and alloys show an increase in yield strength (

) with

decreasing grain size (d) according to:
(3)
where

is friction stress resisting the motion of gliding dislocation, and k is the Hall–Petch

slope, which is associated with a measure of the resistance of the grain boundary to slip transfer.
In analogy, hardness can also be related to the grain size by (Tjong and Chen 2004):
(4)
where

and

are constants. Hardness is a measure of the resistance of a material to plastic

deformation under the application of an indentation load. However, it has to be pointed out that
other phenomena such as relaxation processes at grain boundaries, associated with an extremely
fine grain size, could lead to a decrease in strength and this could result in an inverse Hall-Petch
relationship. Thus, the smaller grain size noted accounts for the observed superior values of H
and Er in W-Y films. Such grain-size reduction or refinement facilitated enhancement in
hardness was also noted in sputter-deposited W-Si, W-Ti and W-Ni alloy films(Cavaleiro and
Louro 2002) and recently in electrodeposited Cu-Ni alloy thin films(Pellicer et al. 2010).
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In recent years, combined analysis and consideration of H/Er and H3/Er2 along with H and
Er has been proposed as a realistic means to derive a better understanding of the mechanical
behavior of hard metal or alloy or nano-composite thin films coatings(Tjong and Chen 2004;
Pellicer et al. 2010; Liu et al. 2017; Beake et al. 2006). The ratio of H/Er, is proportional to
fracture toughness of the film while H3/Er2 is a measure of the material’s resistance to plastic
deformation.(Tjong and Chen 2004; Beake et al. 2006). Thus, these parameters allow to
determine the W-Y film resistance to cracking to some extent and are often used to evaluate the
film toughness and wear performance. It is important to recognize that the observed H, Er, H/Er
and H3/Er2 values and their trends clearly indicate that the mechanical properties obtained in this
work for W and W-Y films are elevated. Furthermore, contribution from respective oxides is
ruled out since the measured values are not even closer to any of these materials(Dubey et al.
2016). Therefore, in the light of elastic recovery and plastic deformation, the most pronounced
effect of W alloying with Y i.e., W-Y films, is the fact that they exhibit H/E r and H3/Er2 much
higher. This is a clear indication that pure W film exhibits a lower wear resistance and lower
resistance to plastic deformation than W-Y alloy films. The surface/interface microstructure
features manifests the occurrence of stress, which may be also responsible for the observed
superior mechanical characteristics of W-Y alloy films and their functional dependence on PAr.
The dense microstructure without any columns observed at lower P Ar may result in compressive
stress, which contributes to higher H and E r values. In general, the occurrence of mechanical
stress and associated hardness, is due to the atomic peening effect caused by energetic particles
such as sputtered atoms and sputtering-gas species (atoms or ions) leading to densification of the
microstructure(Liu et al. 2017; Cavaleiro and Louro 2002). The sputtered species, which
normally arrive at the surface of the growing film with enhanced energy, strike the surface and,
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thereby, limiting the columnar interface morphology growth in the microstructure development
of the films. However, with increasing PAr, the columnar microstructure evolves resulting in
reduced compressive stress or transition to tensile stress. The columnar structure with presence
of voids even in a smaller portion causes shrinking and stress in the films(Liu et al. 2017;
Cavaleiro and Louro 2002; Tjong and Chen 2004). The net result is the decrease in the
magnitude of mechanical characteristic parameters namely H, E r and their ratios i.e., H/Er and
H3/Er2, with increasing as observed in W-Mo films deposited at PAr>9 mTorr.
5.5 CONCLUSIONS

Pure W and Tungsten-Yttrium (W-Y) nanocrystalline (nc) thin films were deposited
under variable argon (Ar) sputtering pressure (P Ar), which is varied in the range of 0-20 mTorr.
The combined effect of Y-contwnt and PAr on the crystal structure, phase, surface and interface
morphology and mechanical properties of nc W-Y films were investigated in detail. X-ray
diffraction analyses indicate that all the W-Y thin films crystallize in thermodynamically stable
α-phase osimilar like pure W. However, the crystal quality degradation occurs for W-Y films
deposited higher PAr due to difference in the mobilities of sputtered species. The average grain
size (d) of the nc W-Mo films was in the range of 6-21 nm; The d-PAr relationship indicates that
the grain size decreases with increasing P Ar. The effect of PAr and associated microstructure are
significant on the mechanical characteristics; the hardness (H) and modulus of elasticity (Er) of
the nc W-Y thin films deposited at lower PAr were higher but decreases continuously with
increasing P Ar. The W thin films deposited under optimum sputtering pressure exhibit superior
mechanical characteristics: H=34 GPa, Er=328 GPa, H/Er=0.12, and H3/Er2=0.36 GPa, which are
relatively higher compared to pure, α-phase W films. Based on the results, structure-mechanical
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property correlation in nc W-Y films is established. The structure-phase-mechanical property
correlation established suggests that further options may exist to tailor the quality and
performance of W-Y films.
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CHAPTER 6: IRRADIATION EXPERIMENTS
ABSTRACT
Extreme environments associated with nuclear applications often results in degradation of
the physical, mechanical and thermo-mechanical properties of the materials. Tungsten (W)
exhibits unique physical and mechanical properties, which makes tungsten a good candidate for
nuclear applications; however, intrinsic W exhibits low fracture toughness at all temperatures in
addition to a high ductile to brittle transition. In the present work, nanocrystalline W, W with 5
and 10 at w% Yttrium alloys were nanoengineered for nuclear applications. Nanocrystalline
tungsten coatings with a thickness of ~1 µm were deposited onto Silicon (100) and Sapphire (Cplane) usung Direct Current (DC) sputtering techniques under variable argon (Ar) sputtering
pressure (PAr), which is varied in the range of 3-19 mTorr. Yttrium content has also been varied
to enhance the irradiation tolerance under optimum concentration. The W, W-Y coatings were
characterized to understand the structure and morphology and to establish a mapping of
conditions to obtain phase and size controlled materials. The samples were then subjected to
depth-controlled irradiation by neutrons and Au3+ ions.

Using nano-indentation and nano-scratch technique, mechanical characterization testing
was performed before and after irradiation. The structure, mechanics and irradiation stability of
the W and W-Y coatings will be presented and discussed to demonstrate that Y-addition coupled
with nano-scale features dramatically improve the irradiation tolerance of the coatings. The
effect of PAr and associated microstructure are significant on the mechanical characteristics; the
hardness (H) and modulus of elasticity (Er) of W-Y films deposited at lower PAr were higher but
decreases continuously with increasing P Ar. The pure W films deposited under optimum
sputtering pressure exhibit the superior mechanical characteristics: H=34 GPa, Er=328 GPa,
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H/Er=0.12, and H3/Er2=0.36 GPa, which are higher compared to pure, α-phase W-films. Based
on the results, structure-mechanical property correlation in W-Y films is established.

6.1 INTRODUCTION
The exceptional stability of nanocrystalline W and W-based alloys is promising and
assure that they can meet the requirements of future technology developments and open new
directions/avenues to design and develop other W-based alloys with superior strength, hardness,
and thermal stability.

However,

pure W exhibits

low

fracture toughness at

all

temperatures(Faleschini, Kreuzer, Kiener, & Pippan, 2007; Lassner & Schubert, 1999; Michael
Rieth & Dafferner, 2005; Yajima et al., 2014). In addition, it exhibits a high ductile to brittle
transition, which depends on the chemical and microstructure. It has been demonstrated that
these limitations are mainly due to the nature of dislocations and their impact on stress evolution
in W(Armstrong & Britton, 2014). In bcc metals such as W, neutron irradiation typically causes
embrittlement and swelling. During fusion reactor operation not only neutron displacement is
anticipated to damage the structural morphology and integrity of the material but also, mecanical
properties diminishing by solid transmutation of elements(Klueh, 2004). Consequently by
increasing the neutron fluence, solid transmutation of W into Rhenium and Osmium alloys. The
impetus for the work presented in this chapater is: (1) to derive a comprehensive understanding
of the crystal structure, phase, surface and interface morphology, mechanical properties and
electrical properties of nanocrystalline W and W-Y alloys thin films; (2) to understand influence
of ion irradiation effects to coating microstructure development in pure W coatings and how
incorporation of Yttrium atoms can contribute to nanoengineer self-healing materials.
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6.2 EXPERIMENTAL

6.2.1 FABRICATION
Nanocrystalline W-Y thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. A 2 in. Pure W target with a purity of 99.999% was
employed for sputtering of films. Two alloy targets with variable Yttrium content (W 95 wt% +
Y 5 wt% and W 90 wt% + Y wt%) were obtained from Plasmaterials, Inc. (purity of 99.999%)
and employed for sputter-deposition of W-Y films. The substrates were thoroughly cleaned and
dried with nitrogen before introducing them into the vacuum chamber trying to eliminate most of
the contaminants. The chamber was initially evacuated to a base pressure of 2x10-7 Torr. The
pure W and W-Y target were placed on the 2 in. sputter gun, which was placed at a distance of 8
cm from the substrate. A sputtering power of 40 W was initially applied to the target while
introducing high purity argon (Ar) into the chamber to ignite the plasma. Once the plasma was
ignited, the sputtering power was slowly increased to 120 W to deposit W-Y films. The
substrates were rotated during deposition at a rate of 3-4 rpm to ensure lateral isotropy of the
films. The fabrication conditions employed for W and W-Y films are listed in Table 2.1. The
first study consisted in sputter under variable argon sputtering pressure (PAr), which is varied
from 3 to 19 mTorr while keeping the substrate temperature (Ts) constant at 200 °C. The second
study was to vary the Yttrium concentration. To do so, the targets were manufactured with
increasing Yttrium weight percentage (5-10 wt.%) to vary the final concentration in the films
while keeping also varying the sputtering pressure form 3 to 19 mTorr. The Ar flow was
controlled using MKS mass flow meters. The deposition was made to obtain a film thickness of
~1 µm. Before each deposition, the W and W-Y alloy targets were pre-sputtered for 15 min with
the sample shutter closed in order to obtain stable plasma and remove the contaminants.
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Table 6.1 The fabrication conditions employed for W and W-Y films
Physical Parameter
Base pressure
Sputtering power

Set Value
-7

Argon sputtering pressure PAr

2 x 10 Torr
120 W
3,5,9,14,19,25

Deposition Time
Target-to-substrate distance
Substrates
Deposition temperature

1.5 hrs.
8 cm
Silicon (100)
200 oC

Target Composition
W pure (99.999%)
W-Y (95-5 wt.%)
W-Y (90-10 wt.%)

6.2.2 CHARACTERIZATION
ATOM PROBE SPECIMEN PREPARATION
Needle-shaped specimens for APT analysis were prepared by lift-out procedure using
an FEI Helios 600 Nanolab focused-ion-beam/scanning electron microscope (FIB/SEM). Pure
W and W-Y films were sputtered onto a Si substrate; individual nanoparticles were lifted out
by contact with OmniProbe nanomanipulator and transferred onto a Si microtip array. Once
the particles were placed on top of Si microtips, electron-beam-assisted Pt deposition was
used to coat the individual nanoparticles. All manipulation of particles and Pt deposition were
done using only the electron beam without Ga-ion beam imaging as depicted in Figure 6.1.

Pt
Film
Si
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Figure 6.1 Cross sectional representation of the Needle and its substrate/film/Pt topcoat
After Pt deposition, the nanoparticles were subjected to annular milling using Ga-ion beam to
form the final needle specimens of the nanoparticles attached to the Si microtip array. If
cavities were observed between a nanoparticle and the Si microtip, electron-beam-assisted Pt
deposition was also performed during annular milling. Initial annular milling was conducted
at 30 kV and final milling was performed using 2 kV to minimize Ga contamination in the
final needle specimen. A schematic of the specimen preparation is given in Figure 6.2.

Figure 6.2 Needle mounting and milling for shape formation
ATOM PROBE TOMOGRAPHY
Laser-assisted APT analysis was conducted using a CAMECA LEAP4000 × HR atom probe
tomography system with a 355-nm ultraviolet laser, 100-pJ laser pulse energy, 50 K specimen
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temperature and evaporation rate maintained at 0.005 atoms per pulse and 100 KHz. APT data
were reconstructed and analyzed using IVAS 3.6.6 software.

SCANNING ELECTRON MICROSCOPY
Scanning electron microscope is a technique that employs a focused beam of electron to
reveal the superficial features of the analyzed samples. The high energy electron are emitted
from an electron gun, then the electron are focused towards the specimen and systematically scan
the surface. The image is created by a rastering process where the beam illuminate one point at
the time (Australian Microscopy and Microanalysis Research Facility, 2013). The samples were
mounted on top of a small circular stage of 1 inch diameter and carbon tape was used to avoid
any kind of electrical disturbance from the circular metallic stage; however, a piece of copper
tape was added to each sample in order to make electron flow easier. The electron incident
current and voltage was varied depending in the quality of the samples to obtain the best
resolution image. Surface imaging analysis of the W and W-Y alloy thin films was performed
using a high-performance and ultra-high-resolution scanning electron microscope (Hitachi S4800). Secondary electron imaging was performed on W-Mo films grown on Si wafers. After
the image is saved, it is open in the software Quartz PCI, which allows you to measure the grain
size of the films
MECHANICAL CHARACTERIZATION - NANOINDENTATION
To fully investigate the mechanical properties and to understand the structure-mechanical
property relationship in pure W and W-Y alloy thin films, both the hardness (H) and reduced
elastic modulus (Er) of the deposited films were probed using a Hysitron TI750 Tribo
nanoindenter. Nanoindentation measurements were made employing a triangular pyramid
Berkovich diamond indenter with normal angle of 65.3° between the tip axis and the faces of
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triangular pyramid and the effective size of apex is about 100 nm. Standard procedures were
employed to derive the mechanical properties with the help of loading and unloading curves.
(Hussein Nili, Kalantar-zadeh, Bhaskaran, & Sriram, 2013; Oliver & Pharr, 1992)The method
developed by Oliver and Pharr was employed to calculate the mechanical characteristics (H and
Er).(Oliver & Pharr, 1992) Using this method, Er can be calculated by finding the stiffness (S) of
the film from the slope of the unloading curve. The relation between E r and S can be described
using:
(1)

where A is defined as the area of contact at peak load.(Oliver & Pharr, 1992) To find the
hardness values, the same value for area of contact is used along with the maximum load (P max)
in:

(2)

Load controlled indentation tests were performed initially on each sample to determine
the maximum depth that would not be more than 10% of the total film thickness to minimize the
substrate effect. All the indentation tests have been performed using a constant load of 1000 µN,
which has penetration depth of ≤10% of the alloy films to satisfy the nanoindentation criterion of
penetration depth and repeated at least 25 times for statistical average on each and every film
sample.
ADHESION AND INTERFACIAL BONDING - SCRATCH TEST
The scratch tests were also performed using Hysitron 750 nanoindenter but with conical
diamond indenter (r=0.47 μm). Tests were conducted by simultaneously driving the indenter into
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the films at a loading rate of 88 μN/s and across the films at a lateral displacement rate of 0.17
μm/s to a maximum load of 8000 μN, this try to only encouragement elastic-plastic deformation.
During each test, the normal and tangential loads and the scratch distance were continuously
recorded. The conical diamond indenter is drawn across the coating surface under increasing
load (10 µN to 8000 µN) until the film is removed in a regular fashion; the load corresponding to
failure gives a guide to the adhesion strength and is referred to as the ‘critical load.'
IRRADIATION METHODOLOGY

ION IRRADIATION
Irradiation-induced damage, microstructure evolution, grain growth, and phase transformation
can be induced by ion and neutron irradiation when exposed to extreme environments and lead to
failure. Therefore, the importance of a controlled experimentation when a set fluence of
disorders per atom can be attained and its effect investigated under mechanical testing. The
samples were then irradiated by Au3+ ions with a mass of 196 amu and accelerated using an
energy beam of 5 MeV in an angle of incidence of 7.from fig. 6.3, using the Stopping and
Range of ions in Matter (SRIM 2013) simulation package the beam current and irradiation times
(28sec, 4min 34 sec and 45min 42 sec) were calculated to produce a final distribution of ions in
the target no deeper than 800 nm and a fluence damage (ions/cm2) of 1.0E+14, 1E+15 and
1E+16 respectively (Mayer, 1999). Using this simulation package other important information
such as ionization energy loss by the ion into the target, energy transferred to recoil atoms,
backscattered Ions and Transmitted Ions can be obtained.

81

Figure 6.3 Ion distribution simulation from stopping range ions in matter
Using the results of the SRIM calculations, the average depth penetration of an Au+3 ions is 470
nm. A radiation damage simulation by ion allows easy variation of the irradiation parameters
such as dose, dose rate, and temperature over a wide range of values. In contrast to neutron
irradiation, ion irradiation enjoys considerable advantages in both cycle length and cost. Ion
irradiations of any type rarely require more than several tens of hours to reach the damage levels
in the 1-10 dpa range. Ion irradiation produces little or no residual radioactivity, allowing
handling of the samples without the need for special precautions

NEUTRON IRRADIATION
Sample neutron irradiation were carried out in University of Irvine Nuclear Research
reactor. The reactor is a 250 kilowatt steady-state power Mark I TRIGA reactor built by General
Atomics. Pulsing is possible to about 1000 megawatts. TRIGA reactors are water and zirconium
hydride moderated to be especially safe for training and research purposes. Fuel is uranium
enriched to less than 20% in U-235. During the irradiation, the reactor was operated at maximum
power of 250 Kilowatt and producing thermal neutrons with an energy 1E 6eV. The neutron flux
during irradiation is calculate to be 8.3E11n/sec*cm2 according to the latest calculation
performed by Irvine’s reactor personnel (March 2015). Irradiation time was carried out for
28,800 seconds to produce a calculated 0.0943 µC activity after the neutron exposure given a
theorethical cross section of 1.802 E -24 barns. Samples were placed and sealed (figure 6.4a)
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under non-oxidizing environment vial and then placed in a bigger vial to ensure handling of the
tubes. The reactor is designed to have three sample irradiation ports for which the “Lazzy Susan
Carrousel” port was selected to ensure equal sample exposure time and fluence as depicted in
Figure 6.4c.

(A)

(b)

(c)
Figure 6.4 TRIGA reactor Configuration and design
Using the previously stated conditions neutron irradiation damage is completed given the
variation of the irradiation parameters such as dose, dose rate, and temperature and a ultimate
displacement per atom (DPA) damage was calculated to be 2.57E-4. In contrast to ion
irradiation, neutron irradiation enjoys considerable advantages to perfectly emulate material
conditions during typical operational reactor conditions, including tranmutatio of elements
during prolonged exposure.
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6.3 RESULTS
Atom Probe Tomography is evaporative technique that can be used to reconstruct atomic
composition and atomic location. All irradiated samples were tested under nanoindentation
probing before and after irradiation. Samples exhibited a loss in mechanical performance when
compared to original as deposited properties, meaning a decrease in hardness and reduced
modulus values. The APT was performed in the W-Y (90-10wt.%, 1E16 ions/cm2) with a
sputtering PAr=14 mTorr sample because it showed the best after-irradiation recovery when
tested by nanoindentation. The APT reconstruction from W-Y irradiated material is shown
in Figure 6.5, the final shape of the needle is represented after gallium milling. It is evident that
topcoat (Pt) and film (W-Y) are part of the needle cross-section to be evaporated and collected.
Every single atom represented in Figure 4b corresponds to an acquired signal from W, Y and Au
atoms. With APT it is possible to isolate and reconstruct atoms from a particular element as
represented in figure 6.5c,d,e were the acquired signal from W, Y and Au is shown. For w and
Au it is evident that atoms are evenly distributed along the depth profile meaning that gold was
implanted accordingly to depth predicted by SRIM calculations. It is important to note the
Yttrium segregation and clustering to the grain boundaries that will be discussed further in detail.

84

Figure 6.5 APT atomic reconstruction depicting W, Y and Au atoms
It is possible to isolate a desired conglomerate of atoms or region on the needle once it
has been reconstructed. This is represented in figure 6.6, where a Y has been isolated for further
analysis. The linear elemental composition mapping was performed to the Y cluster from the
center of the cluster towards the outer shell of the cluster. It is found from the results that
elemental composition varies along the cross-section of the cluster. W is more abundant towards
the ends of the shell, but as it approaches the center W composition dramatically decreases. The
opposite behavior occurs to Y concentration where its concentration increases as approaching the
center of the cluster.
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Figure 6.6 Yttrium clustering elemental composition mapping
SURFACE AND INTERFACE MORPHOLOGY
The effect of irradiation is significant on the surface morphology as is shown in Fig. 6.7,
where the SEM images depict the damaged caused by 1E 15 ions/cm2 to pure W sample grown at
14 mTorr. The damage is in agreement with fig 6.3 where the simulated ions profile indicated
most damage in the 10 to 600 nm depth profile section. are shown as a function of PAr.
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Figure 3.7 Scanning Electron Micrograph cross section for before and after Ion Irradiation

From Fig. 6.7 it is also observed that there is some columnar growth induced by
irradiation mechanisms. The columnar structure seems to thicken at irradiated portions as
compared to columnar features at non-irradiated sections of the profile. This is believed to be a
typical swelling coupled with grain growth induced by irradiation. Grain growth is another
typical behavior for irradiated materials. Grain growth come as a result from atomic dislocations
segregations. When an energetic particle collides with a stationary atom there exists a kinetic
energy transfer, that when that energy exceeds the threshold energy of a material, it results in an
atomic displacement. When the atoms are dislocated they can dislocate other atoms in a collision
cascade mechanism until their kinetic momentum finds equilibrium. Because of this
rearrangement of structure the material exhibits grain growth and swelling. XRD was performed
after irradiation from the spectra average grain size was calculated using the integral width of the
diffraction lines using the Scherrer’s equation (Cullity, 1956).
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Figure 6.8 Average grain size after irradiation calculated using the Scherrer’s equation

It is observed (Fig. 8) that increasing ion irradiation induces grain growth. It is important
to state that pure W alone exhibits the highest degree of grain growth when compared to W-Y
alloys. It could be stated that W-Y (90-10 wt.%) exhibits the best irradiation grain growth
tolerance out of the compositions in this study. This is also in agreement with after irradiation
mechanical testing where the same composition exhibited the less mechanical degradation under
all three fluences.
MECHANICAL PROPERTIES (HARDNESS AND ELASTIC MODULUS)
The variation elastic modulus of Pure W and increasing Y content films with P Ar=5,9,14
after irradiation is presented in Fig. 6.9. It is clearly seen that the H and Er values of W-Y (955wt.%) films start high, and then decreases as the irradiation fluence increases. For all
compositions, the lowest PAr= 5 mTorr exhibit the maximum elastic modulus (270 GPa) values.
These values are higher than that of coarse-grained bulk W, which exhibits a hardness value of
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only ~3.92 GPa(Sun, Song, Guo, Ma, & Xu, 2010). There is an evident loss of mechanical
elasticity as a result of the ion irradiation. The decrease in mechanical behavior was expected,
however, it is to be noted that the goal of the present work is to nanoengineer materials with
superior mechanical properties and those same materials to retain mechanical characteristics
after irradiation. Based on this criteria W-Y (90-10wt.%) reveals excellent initial mechanical
performance and retains those characteristics better that any other composition
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Figure 6.9 Harness and reduced modulus for increasing sputtering pressure and Yttrium content
Additionally, it should be noted from Figure 6.9 that the H and Er values of these pure W
and W-Y thin films are higher compared to other W-based compounds (Martinez & Ramana,
2017) or W-Mo-O composite films(Dubey et al., 2016). To make further assessment on the
mechanical behavior and to understand the effect of Y on the mechanical behavior of W-Y films
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compared to pure W films, analysis of H/E r and H3/Er2 is made. The H/Er and H3/Er2 values as a
function of variable P Ar are presented in Fig. 6.10. These values are calculated from the
experimentally determined H and Er values. It is evident that the H/Er and H3/Er2 values of W-Y
films exhibit the similar functional dependence on P Ar when compared to pure W. The H/Er ratio
is high and then decreases with increasing PAr. The H/Er ratio is generally called the plasticity
index.(Dubey et al., 2016; Leyland & Matthews, 2000; Musil, Kunc, Zeman, & Poláková, 2002;
Santos, NascimentoII, & Camargo, 2013). The H/Er ratio has been proposed as a key parameter
to indirectly estimate the wear resistance. (Leyland & Matthews, 2000; Musil et al., 2002; Santos
et al., 2013) The high value, H/Er≥ 0.
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Figure 6.10 H/Er and H3/Er2 values for varied sputtering pressure and increasing Y content
It is important to recognize that both pure W and W-Y (90-10wt.%) films exhibit high
values of H/Er, which characterizes the hard nature of all the W-Mo films. However, it is
important to note that higher sputtering pressures affect less the allow structure compared to the
pure W exhibiting slightly higher values at higher pressures. However, note that the oxygen
incorporation or W-Mo-oxide films do not exhibit values even close to 0.1.(Dubey et al., 2016)

90

26

6.4 DISCUSSION AND MODEL

Based on this work the following model is proposed to account for the effect of Yincorporation on the irradiation tolerance of W. Y evidently enhances the material tolerance to
ion irradiation. It is demonstrated that the addition of yttrium atoms into the tungsten matrix has
shown to improvement of the material to the irradiation bombardment of heavy Au 3+ when
compared to pure tungsten alone. This is due to the fact that the Y atoms reside along grain
boundaries and create a sink and capturing incoming ions. From Fig. 6.11, it is demonstrated the
typical behaviour of a conventional material subjected to irradiation. Due to lack of grain
boundary density, the incoming energetic particles quickly crate vacancies, self -interstitials
leading to grain growth and material swelling. On the other hand, in nanoengineered materials
the solute Y plays a role in not only “stopping” incoming particles but, also helping in the
recombining process to eliminate vacancies.

Figure 6.11 Proposed model demonstrating material irradiation tolerant mechanisms
It is also demonstrated that this recombination “self -healing” method is also possible at low
temperatures. However, the driving mechanism for this phenomenon is not completely
understood and more research needs to be conducted in this system.
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6.5 CONCLUSIONS
Pure W and Tungsten-Yttrium (W-Y) nanocrystalline (nc) thin films were deposited
under variable argon (Ar) sputtering pressure (P Ar), which is varied in the range of 3-19 mTorr.
The combined effect of Y and PAr on the crystal structure, phase, surface and interface
morphology and mechanical properties of nc W-Y films were investigated in detail. The effect of
PAr and associated microstructure are significant on the mechanical characteristics; the hardness
(H) and modulus of elasticity (Er) of the nc W-Y thin films deposited at lower PAr were higher
but decreases continuously with increasing PAr. The W thin films deposited under optimum
sputtering pressure exhibit superior mechanical characteristics: Er=270 GPa, H/Er=0.13, and
H3/Er2=0.36 GPa, which are relatively higher compared to pure, α-phase W films. Based on the
results, structure-mechanical property correlation in nc W-Y films is established. It is
demonstrated that the addition of yttrium atoms into the tungsten matrix has shown to
improvement of the material to the irradiation bombardment of heavy Au 3+ when compared to
pure tungsten alone. This as a result of the Yttrium siting along grain boundaries and creating a
sink and capturing incoming ions. The structure-phase-mechanical property correlation
established suggests that further options may exist to tailor the quality and performance of W-Y
films.
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CHAPTER 7: W-MO FILMS – EFFECT OF SPUTTERING PRESSURE
ABSTRACT
The effect of surface/interface microstructure on the crystal phase, mechanical properties
and electrical characteristics of nanocrystalline W-Mo films is reported. The W-Mo films (≈300
nm) with variable microstructure were deposited under variable argon (Ar) sputtering pressure
(PAr), which is varied in the range of 3-19 mTorr. X-ray diffraction analyses indicate that the WMo films crystallize in thermodynamically stable α-phase of W. However, the crystal-quality
degradation occurs for W-Mo films deposited at higher PAr due to difference in the adatom
mobilities. The average grain size (d) of the W-Mo films was in the range of 11-24 nm; grain
size decreases with increasing PAr. The effect of PAr and associated microstructure are significant
on the mechanical characteristics; the hardness (H) and modulus of elasticity (Er) of W-Mo films
deposited at lower PAr were higher but decreases continuously with increasing PAr. The W-Mo
films deposited under optimum sputtering pressure exhibit superior mechanical characteristics:
H=40 GPa, Er=275 GPa, H/Er=0.8, and H3/Er2=0.145 GPa, which are higher compared to pure,
α-phase W-films. The W-Mo films deposited at PAr=3-9 mTorr exhibit high resistivity≈350-400
μΩ-cm, which decreases to 150-200 μΩ-cm for films deposited at higher PAr. Based on the
results, structure-mechanical-electrical property correlation in W-Mo films is established.

7.1 INTRODUCTION
Tungsten (W) and W-based alloys and compounds have been the subject of intense
research in recent years(Chookajorn et al. 2012; Kuchuk et al. 2006; Liu et al. 2017; Su et al.
2009; Dubey et al. 2016; Park and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez,
Tarango, et al. 2016; Hao, Chen, and Xiao 2015; M Rieth et al. 2013; J. Kim et al. 2014; Ilić et
al. 2007; Reiser et al. 2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017). W
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exhibit excellent physical and mechanical properties, such as high melting point, high erosion
resistance, reduced long-term activation and radiation tolerance, which makes this material of
particular interest for many scientific and technological applications(Hao, Chen, and Xiao 2015;
M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007; Reiser et al. 2015; Spindler et al. 2016;
Y. Kim and Choi 2017; Paul et al. 2017). W served the lighting industry (filaments) for decades
because of its exceptional strength and stiffness at high temperatures, good thermal conductivity,
low thermal expansion (4.43 ppm/◦C), and low resistivity (5.5 Ωcm).(Y. Kim and Choi 2017;
Paul et al. 2017; Yeung et al. 2016; Chen and Colinge 1995). Among the refractory metals, W is
a very hard metal. In view of excellent thermal and electrical properties, W has been widely
employed in electrical contacts, glass-to-metal seals and electrodes, and diffusion barriers in
microelectronics(Chen and Colinge 1995; Karabacak et al. 2005; Sarker 2014; Rossnagel,
Noyan, and Cabral 2002). Additionally, W and W-based alloys find extensive applications in
nuclear reactors(M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007; Reiser et al. 2015; Paul
et al. 2017). Due to attractive combination of high thermal stability and low thermal expansion,
both intrinsic W as well as W-based alloys were accepted as high heat flux components in
divertor structure in future thermonuclear reactor design(Reiser et al. 2015; Spindler et al. 2016;
Y. Kim and Choi 2017; Paul et al. 2017). W-based alloys are being considered as the candidates
for the future fusion nuclear reactors, especially for the plasma facing components.(Reiser et al.
2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017). Furthermore, recently, Wbased materials were proved to be excellent candidate materials for nuclear radiation
shielding.(J. Kim et al. 2014). For instance, Kim et al. presented a new class of gamma radiation
shielding materials consisting the nano-W dispersed in polymer nanocomposites whose radiation
attenuation is greatly enhanced compared to their micro-W containing counterparts(J. Kim et al.
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2014). Thus, the exceptional stability of nanocrystalline W-based alloys is promising and assure
that they can meet the requirements of future technology developments and open new
directions/avenues to design and develop other W-based alloys with superior strength, hardness,
and thermal stability.

It has been widely demonstrated in the literature that the properties and phenomena of
pure W and W-based alloys and compounds can be controlled by tailoring the composition and
processing conditions(Chookajorn et al. 2012; Kuchuk et al. 2006; Liu et al. 2017; Su et al. 2009;
Dubey et al. 2016; Park and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez, Tarango,
et al. 2016; Hao, Chen, and Xiao 2015; M Rieth et al. 2013; J. Kim et al. 2014; Ilić et al. 2007;
Reiser et al. 2015; Spindler et al. 2016; Y. Kim and Choi 2017; Paul et al. 2017; Yeung et al.
2016; Chen and Colinge 1995; Karabacak et al. 2005; Sarker 2014). On the other hand,
processing and manipulating the structure at the nanoscale dimensions, where surface and
interface microstructure plays a key role, can provide excellent opportunities to further improve
the desired properties and phenomena(Liu et al. 2017; Su et al. 2009; Dubey et al. 2016; Park
and Schuh 2015; Nunez, Moreno Tarango, et al. 2016; Nunez, Tarango, et al. 2016; Hao, Chen,
and Xiao 2015; Rossnagel, Noyan, and Cabral 2002; Karabacak et al. 2004; Kaidatzis et al.
2016). Intrinsic or tungsten-based multi-component alloy films for the aforementioned
technologies can be prepared using a wide variety of physical and chemical deposition methods.
While simple evaporation, sputtering and chemical vapor deposition (CVD) are the most
commonly used processes in industry, however, properties and phenomena of W thin films
depend on the processing conditions such as base pressure, growth temperature, working
pressure, deposition rate and annealing conditions. Furthermore, in terms of phase and
microstructure considerations, W crystallizes in two different structures (Hao, Chen, and Xiao
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2015; Ilić et al. 2007; Karabacak et al. 2005; Rossnagel, Noyan, and Cabral 2002; Karabacak et
al. 2004; Kaidatzis et al. 2016; O’Keefe and Grant 1996); (1) a thermodynamically stable body
centered cubic (bcc) phase (α-W) and (2) a metastable A15 phase (β-W). The lattice parameters
of α-W and β-W are 3.16 Å and 5.04 Å, respectively. (Hao, Chen, and Xiao 2015; Ilić et al.
2007; Karabacak et al. 2005; Rossnagel, Noyan, and Cabral 2002; Karabacak et al. 2004;
Kaidatzis et al. 2016; O’Keefe and Grant 1996). The physical, chemical, electronic and
mechanical properties of α-W and β-W are quite different. Therefore, the controlled growth and
manipulation of specific crystal structures of W-based alloys and compounds at the nanoscale
dimensions has important technological implications.

The impetus for the present work is to derive a comprehensive understanding of the
crystal structure, phase, surface and interface morphology, mechanical properties and electrical
properties of nanocrystalline W-Mo alloy thin films. Recently, doping and/or alloying of W with
elements such has Ti, Si, Cr, Re has been widely considered to engineer the physical, mechanical
and tribological properties. One of the major reasons in the direction was to improve the limited
ductility at lower temperatures of W without compromising the mechanical performance of the
material(M Rieth et al. 2013). On the other hand, efforts were also directed to further improve
the mechanical properties. Solid solution strengthening has been a mechanism to enhance
mechanical properties by introducing particles to reduce glide of dislocations. That is the
simplest understanding of solid solution strengthening, but also one might consider
solute/dislocation interactions, dislocation core structures and chemistry effects of the
mixture(C.-F. Pai et al. 2014). Furthermore, it is imperative to consider the Mo to incorporate
into W-matrix to produce W-Mo nanocrystalline films for the following reasons. Molybdenum is
an element that shows exceptional properties at high temperatures such as the strength of the
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material and resistance to corrosion(Bauccio 1993; Habashi 2001; J. Davis 1997; Ervin et al.
1988). Mo based alloys are usually known for high temperature tolerance and mechanical
stability(Habashi 2001; J. Davis 1997). Also, Mo alloys exhibit a higher creep resistance and
strength at high temperatures, making service temperatures of above 1060 °C possible(Habashi
2001; J. Davis 1997). In addition, alloying W with elements such as Si and Ti can lead to
structural distortion, which induces lattice parameter enhancement leading to higher level of
stresses.(Ji et al. 2008). Therefore, similarities between W and Mo make them suitable to
produce coatings with unique properties and phenomena and worth of investigation.
Furthermore, recently, Reiser et al. demonstrated the W-Mo foil laminates to lower the brittle-toductile transition temperature to manufacture a functional, structural material(Reiser et al. 2015).
In addition, Mo addition proved to be valuable for other structural materials. For instance, Li et
al. doped Mo into diamond-like carbon (DLC) films to reduce the internal compressive stress
that limits adhesion(Cavaleiro and Louro 2002). The samples in their work were deposited by
CVD by coupling Mo with CH4/Ar mixture. However, the Mo atoms acted as a catalyst to
promote sp2 sites formation, which leads to an increase of sp2 carbon and decreased hardness and
elastic modulus of the films(Cavaleiro and Louro 2002). Using simulations and theoretical work,
Vitos et al. demonstrated substitutional Mo doping into Fe-18Cr-24Ni matrix improves ductility
and corrosion resistance while reducing the mechanical hardness(Vitos, Korzhavyi, and
Johansson 2003). Furthermore, the recent efforts toward the controlled growth and manipulation
of specific crystal structures of W-based materials at the nanoscale dimensions indicate their
important technological implications and promise for future developments(Hao, Chen, and Xiao
2015; O’Keefe and Grant 1996). For instance, while realizing the metastable β-W films has been
technologically challenging, recent discovery and successful demonstration of large spin-orbit
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coupling leading to a giant spin Hall effect (GSHE) in highly resistive β-W films has garnered
the attention of researcher to utilize these phenomena in the design and development of advanced
electronic devices (Hao, Chen, and Xiao 2015; O’Keefe and Grant 1996). The spin Hall angle of
β-W is the largest among transition elements(Hao, Chen, and Xiao 2015; O’Keefe and Grant
1996). The newly discovered GSHE in mechanically hard and electrically high resistive β-phase
W films is expected to revolutionize the future spintronic magnetic random access memories
(MRAM) and spin-logic electronic devices(Hao, Chen, and Xiao 2015; O’Keefe and Grant
1996). Moreover, in spite of numerous studies on alloying W with other elements, the
fundamental science of nanocrystalline W-Mo thin films is not well understood at this time.
Therefore, an attempt is made to produce nanocrystalline W-Mo films by sputter-deposition
under variable sputtering pressure and to study their crystal structure, phase, surface/interface
microstructure, mechanical properties and electrical characteristics. While phase control enabled
superior mechanical characteristics of nanocrystalline W-Mo films were demonstrated in a recent
communication(Martinez and Ramana 2017), the present work was directed specifically to
understand the effect of surface and interface microstructure on the phase stabilization,
mechanical characteristics and electrical properties of W-Mo films. As presented and discussed
in this chapter, our findings demonstrate that the processing conditions can be tuned to obtain WMo films with variable surface and interface microstructure, which enables superior mechanical
properties and enhanced electrical resistivity. Based on the results, structure-mechanicalelectrical property correlation, which may be useful as a road-map to optimize the conditions to
produce materials for various technological applications, in W-Mo films is established. We
believe that the structure-phase-mechanical-electrical property correlation established may
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provide further options to tailor the quality and performance of W-Mo films for future electronic
and electromechanical device applications.

7.2 EXPERIMENTAL
7.2.1 FABRICATION

Nanocrystalline W-Mo thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. A 2 in. W-Mo (W 95 wt% + Mo 5 wt%) alloy target
(Plasmaterials, Inc.) with a purity of 99.999% was employed for sputter-deposition of W-Mo
films. The substrates were thoroughly cleaned and dried with nitrogen before introducing them
into the vacuum chamber trying to eliminate most of the contaminants. The chamber was
initially evacuated to a base pressure of 2x10-7 Torr. The W-Mo target was placed on the 2 in.
sputter gun, which was placed at a distance of 8 cm from the substrate. A sputtering power of 40
W was initially applied to the target while introducing high purity argon (Ar) into the chamber to
ignite the plasma. Once the plasma was ignited, the sputtering power was slowly increased to
120 W to deposit W-Mo films. The substrates were rotated during deposition at a rate of 3-4 rpm
to ensure lateral isotropy of the films. The fabrication conditions employed for W-Mo films are
listed in Table 7.1. The deposition of the samples were made under variable argon sputtering
pressure (PAr), which is varied from 3 to 19 mTorr while keeping the substrate temperature (Ts)
constant at 200 °C. The Ar flow was controlled using MKS mass flow meters. The deposition
was made to obtain a film thickness of ~300 nm. Before each deposition, the W-Mo alloy target
was pre-sputtered for 15 min with the sample shutter closed in order to obtain stable plasma and
remove the contaminants.
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Table 7.1 Sputtering deposition parameters employed for the fabrication of W-Mo thin films.
Physical Parameter
Base pressure
Sputtering power

Set Value
-7

Argon sputtering pressure

2 x 10 Torr
120 W
0-20 mTorr

Target
Target-to-substrate distance
Substrates
Deposition temperature
Film thickness

W (95 wt.%) – Mo (5 wt.%)
8 cm
Silicon (100)
200 oC
~300 nm

7.2.2 CHARACTERIZATION
CRYSTAL STRUCTURE AND MORPHOLOGY

The crystal structure, phase and morphology of W-Mo alloy thin films was analyzed
using grazing incidence X-ray diffraction (GIXRD) and Scanning electron microscope (SEM).
GIXRD measurements on W-Mo films were performed using a Bruker D8 Advance X-ray
diffractometer. All the measurements were made ex-situ and as a function of variable PAr.
GIXRD patterns were recorded using Cu Kα radiation (λ=1.54056 Å) at room temperature. The
X-ray beam was fixed at a grazing incidence of 0.5°. The scanning was performed in a 2θ range
of 15–70 using the “detector scan” mode where the detector moves independently to collect the
diffraction pattern.
Surface imaging analysis of the W-Mo alloy thin films was performed using a highperformance and ultra-high resolution scanning electron microscope (Hitachi S-4800).
Secondary electron imaging was performed on W-Mo films grown on Si wafers.
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MECHANICAL CHARACTERIZATION – NANOINDENTATION

In order to fully investigate the mechanical properties and to understand the structuremechanical property relationship in W-Mo alloy thin films, both the hardness (H) and reduced
elastic modulus (Er) of the deposited films were probed using a Hysitron TI750 Tribo
nanoindenter. Nanoindentation measurements were made employing a triangular pyramid
Berkovich diamond indenter with normal angle of 65.3 ° between the tip axis and the faces of
triangular pyramid and the effective size of apex is about 100 nm. Standard procedures were
employed to derive the mechanical properties with the help of loading and unloading curves.
(Oliver and Pharr 1992; Hussein Nili et al. 2013)The method developed by Oliver and Pharr was
employed to calculate the mechanical characteristics (H and E r).(Oliver and Pharr 1992) Using
this method, Er can be calculated by finding the stiffness (S) of the film from the slope of the
unloading curve. The relation between E r and S can be described using:

(3.1)

where A is defined as the area of contact at peak load.(Oliver and Pharr 1992) To find the
hardness values, the same value for area of contact is used along with the maximum load (P max)
in:

(3.2)

Load controlled indentation tests were performed initially on each sample to determine
the maximum depth that would not be more than 10% of the total film thickness to minimize the
substrate effect. All the indentation tests have been performed using a constant load of 500 µN,
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which has penetration depth of ≤10% of the W-Mo alloy film to satisfy the nanoindentation
criterion of penetration depth and repeated at least 25 times for statistical average on each and
every W-Mo alloy thin film sample.
ADHESION AND INTERFACIAL BONDING - SCRATCH TEST

The scratch tests were also performed using Hysitron 750 nanoindenter but with conical
diamond indenter (r=0.47 μm). Tests were conducted by simultaneously driving the indenter into
the films at a loading rate of 88 μN/s and across the films at a lateral displacement rate of 0.17
μm/s to a maximum load of 8000 μN, this try to only encouragement elastic-plastic deformation.
During each test, the normal and tangential loads and the scratch distance were continuously
recorded. The conical diamond indenter is drawn across the coating surface under increasing
load (10 µN to 8000 µN) until the film is removed in a regular fashion; the load corresponding to
failure gives a guide to the adhesion strength and is referred to as the ‘critical load.'
ELECTRICAL CHARACTERIZATION
The four-point Van der Pauw method was used to measure the resistivity of the films
(van der Pauw 1958). Four electrical contacts on the sample were made using a two part
conducting epoxy and silver wires. In this method, voltage and current are measured using eight
different combinations of the four contact points on the sample. This means that in the first set of
measurements, current is applied to one pair of electrodes and voltage is measured across the
other two electrodes and then the process is repeated for other contact configurations. A current
of 2mA was applied to the sample using a Keithley 220 programmable current source. A
Keithley 196 sensitive digital voltmeter was used to read the voltage and a 196 DMM system
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was used to read the current between two contacts. A Keithley 2001 switch was used to switch
between contacts. The meters were connected to a computer and LABVIEW data acquisition
system via the IEEE-488 GPIB for automatic data recording. The final resistivity was calculated
using the Van der Pauw principle taking into account the sample thickness, the shape factor and
other limitations.(van der Pauw 1958)
7.3 RESULTS
7.3.1. CRYSTAL STRUCTURE AND PHASE

The GIXRD diffraction patters of W-Mo alloy films deposited under variable P Ar are
shown in Fig. 7.1. The data of W-Mo films is compared with α- and β- phases of pure W(Hao,
Chen, and Xiao 2015; Rossnagel, Noyan, and Cabral 2002; Karabacak et al. 2004; Kaidatzis et
al. 2016; O’Keefe and Grant 1996; Vüllers and Spolenak 2015). The patterns and peak
assignment indicate that all the W-Mo alloy films deposited at various PAr crystallize in the αphase of W with a preferred (110) texturing(Vüllers and Spolenak 2015). However, it is evident
that increasing P Ar induces a change in the peak shape and intensity. These changes begin to
appear at PAr≥9 mTorr, where peak broadening coupled with intensity decrease is evident. These
changes become more dominant for W-Mo films deposited at high pressures (PAr≥14 mTorr).
This observation is a clear indication of the crystal quality degradation or poor crystallinity of the
films. Note that the adatom mobility influences the texturing and/or preferred orientation of the
growing film. Several models, such as thermodynamic or growth kinetic models, exist to explain
the correlation between processing parameters and texture development in thin films deposited
by physical vapor deposition methods(Oh and Je 1993; Hultman et al. 1998; Gall et al. 2003).
The PAr dependence of crystal structure and texturing of W-Mo alloy films can be, therefore,
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understood from the considerations of an interplay between thermodynamic and kinetic factors.
Thus, under the lower PAr, it appears that the W-Mo film surface gains additional energy, which
in turn results in an increase in the mobility of ad-atoms on the W-Mo film surface.
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Figure 7.1 X-ray diffraction patterns of W-Mo thin films deposited under variable PAr. Peak
indexing is as indicated.

The lattice parameter (a) values calculated from XRD are shown in Fig. 7.2. The data
(Fig. 7.2a) is consistent with the observation of specific α-phase in W-Mo films. No significant
effect of variable P Ar on ‘a’ of W-Mo films is evident (Fig. 7.2a). The a values of W-Mo films
are ~3.12 (±0.01) Å, which is lower than that reported for α-W bulk (3.16 Å)(Karabacak et al.
2005; Sarker 2014; Rossnagel, Noyan, and Cabral 2002). However, these a values are nowhere
close to ~5.04 Å, which is the reported value for β-W bulk(Rossnagel, Noyan, and Cabral 2002;
Kaidatzis et al. 2016), and rules out of the possibility of W-Mo films crystallizing in the
metastable β-phase. The average grain size (d) was calculated from the integral width of the
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diffraction lines using the Scherrer’s equation after background subtraction and correction for
instrumental broadening. The Scherrer equation(Cullity 1956) is:
d=0.9λ/βcosθ

(3.3)

where d is the grain size, λ is the wavelength of X-rays, β is the width of a peak at half of its
intensity, and θ is the angle of the peak. The variation of d with PAr is presented in Fig. 7.2b. It
can be noted that the grain size is in the range of 11-24 nm for W-Mo thin films. The high end of
d value (24 nm) is noted for W-Mo films deposited at PAr=3-9 mTorr. However, there is a sharp
decrease in grain size down to 10 (±2) nm range with increasing P Ar beyond 9 mTorr. As
generally noted in PVD thin films, the d-PAr relationship can be explained on the basis of two
general but different effects of sputtering pressure(Harsha 2015; Assunção et al. 2003). The
mean free path increase which occurs at lower PAr is the first. For lower PAr, the sputtered species
undergo less collisions between the substrate and the target and results in an increased mean
path. As a result, the net kinetic energy of the sputtered species increases, which causes an
increase of the particles’ mobility on the film surface. Under these conditions, the sputtered
species or particles experience a higher driving force to find or migrate to more suitable lattice
sites which helps the nucleation and growth. (Harsha 2015; Assunção et al. 2003). As a
consequence, the crystalline nature of the film increases with appreciable grain size. The higher
values of d noted for W-Mo thin films at lower PAr (3-9 mTorr) can be attributed to this
mechanism. The second is surface damage caused by bombardment of the sputtered
species.(Harsha 2015) Thus, at higher PAr, the crystallinity is deteriorated.
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Figure 7. 4 Grain size (a) and lattice parameter (b) variation of W-Mo thin films with PAr.
7.3.2. SURFACE AND INTERFACE MORPHOLOGY

The effect of PAr is significant on the surface morphology evolution of the W-Mo films as
shown in Fig. 7.3, where the SEM images are shown as a function of PAr. Note that the adatom
mobility on the surface is dependent on PAr since deposition temperature is constant. The featherlike dense particles can be noticed in SEM images for W-Mo ﬁlms deposited at lower PAr. These
samples exhibit intense (110) peak. A marked difference in the surface morphology can be noted
for the W-Mo films deposited at higher PAr.
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Figure 7.3 SEM images of W-Mo alloy thin films deposited under variable PAr.
The cross-sectional SEM images of the interfaces of W-Mo films on Si substrates for
samples deposited at various PAr are shown in Fig. 7.4. The cross-sectional SEM micrographs
characterize the interface microstructure evolution of the W-Mo films as a function of PAr. A
clear trend in the microstructure evolution with PAr is evident in the micrographs (Fig. 7.4). It is
evident that the W-Mo film interface microstructure changes from dense fine-fiber to columnar
structure as PAr increases. However, while there may be some degree of porosity with columnar
structure, no strong evidence of porous morphology with increasing P Ar is present. Note that, as
recognized widely in the literature, the sputter-deposited film interface microstructure is strongly
dependent on the adatom or particle energy of the growing film(Liu et al. 2017; Ji et al. 2008;
Harsha 2015). In general, the volume of voids or pores in the films increases with decreasing
adatom or particle energy. However, it is also well known that voids form as a consequence of
both surface roughness and shadowing effects, which will lead to the development of the loose
columnar structure. Thus, the observed dense fine-fiber structure for W-Mo films deposited at
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lower PAr is due to the effect of the high adatom energy. On the other hand, slightly porous but
well maintained columnar structure at the intermediate P Ar may be the signature of reduced adatom energy leading to reduced surface mobility. Thus, the lower adatom or particle energy and,
hence, the limited diffusion accounts for the observed microstructure of W-Mo films at high
argon pressure. The variation of microstructure for W-Mo films was also corroborated by the Xray diffraction analyses, where the tendency of the films deposited under higher P Ar to exhibit
degradation in structural quality was evident in changes in the peak intensity and shape.
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500 nm

Figure 7.4 SEM cross-section images of W-Mo thin films. The effect of PAr on the interface
morphology is evident.

7.3.3. MECHANICAL PROPERTIES (HARDNESS AND ELASTIC MODULUS)

The variation of hardness and elastic modulus of W-Mo films with P Ar is presented in
Fig. 7.5. It is clearly seen that the H and Er values of W-Mo films start high, reaches a maximum
and then decreases as the sputtering pressure increases. W-Mo films deposited at PAr=5 mTorr
exhibit the maximum hardness (24.5 GPa) and elastic modulus (240 GPa) values. These values
are higher than that of coarse-grained bulk W, which exhibits a hardness value of only ~3.92
GPa(Sun et al. 2010). The superior mechanical properties and their functional dependence on P Ar
are primarily due to the surface texturing and interface microstructure of W-Mo films.
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Additionally, it should be noted that the H and E r values of these W-Mo thin films are higher
compared to either WO3 or W-Mo-O composite films(Dubey et al. 2016).
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Figure 7.5 Mechanical properties of W-Mo films. The variation of hardness (H) and elastic
modulus (Er) with PAr is presented

In order to make further assessment on the mechanical behavior and to understand the
effect of Mo on the mechanical behavior of W-Mo films compared to pure W films, analysis of
H/Er and H3/Er2 is made. The H/Er and H3/Er2 values as a function of variable P Ar are presented in
Fig. 7.6(a,b). These values are calculated from the experimentally determined H and E r values. It
is evident that the H/Er and H3/Er2 values of W-Mo films exhibit the similar functional
dependence on PAr. The H/Er ratio is high and then decreases with increasing P Ar. The H/Er ratio
is generally called the plasticity index(Dubey et al. 2016; Musil et al. 2002; Leyland and
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Matthews 2000; Santos, NascimentoII, and Camargo 2013). The H/Er ratio has been proposed as
a key parameter to indirectly estimate the wear resistance(Musil et al. 2002; Leyland and
Matthews 2000; Santos, NascimentoII, and Camargo 2013). The high value, H/Er≥ 0.1, indicates
that the film exhibits high elastic recovery or high wear resistance. It is important to recognize
that all of the W-Mo films exhibit high values of H/Er, which characterizes the hard nature of all
of the W-Mo films. However, note that the oxygen incorporation or W-Mo-oxide films do not
exhibit values even close to 0.1(Dubey et al. 2016).
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Figure 7.6 The effect of PAr on (a) H/Er and (b) H3/Er2 values. It can be noted that the mechanical
characteristics (H/Er and H3/Er2) of W-Mo thin films are superior.

7.3.4 ADHESION AND INTERFACIAL BONDING – SCRATCH TESTING
The depth profiles and scratch test results of W-Mo thin films are presented in Fig. 7.7.
Before and after the scratch image analysis as well as the depth gradient is a great tool for
analysis of the film response to applied load. From the scratch images, it can be concurred width
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and depth of the scratch increases with increasing the ramping load. Cohesive failure occurs
when an area around the scratch deforms while the rest of the film remains
undamaged(Ashrafizadeh 2000). The adhesive or interfacial failure is seen when delamination of
the films starts and continues along the scratch direction and completely detaches or brakes
down(Ashrafizadeh 2000). It is important to recognize that this set of W-Mo thin films do not
exhibit any delamination other than pile up deformation as a result of the applied load as can be
seen in post-scratch images (Fig. 7.6). The depth profiles show the cross-section of the films at
the maximum applied force along the scratch. Negative scratch depth means the indenter is
located above the initial sample surface, and positive depth indicates the indenter is moved
below the initial surface. The nano-scratch was performed in ramping mode, where the normal
force is increasing along with the scratch X-direction. The lateral force applied on the tip by
deforming material could also be used to determine plastic properties of the films. However, it
was determined that a cross-section profile of the scratch when 8000 μN force is applied better
demonstrate the deformation mechanisms. Evidently, the depth profile cross-sections obtained at
the maximum 8000 μN force exhibits that at lower PAr the indenter penetrates less when
compared to those samples deposited at higher PAr. This behavior matches well with hardness
values previously shown in nanoindentation results. Also, it is to be noted that nano-scratch tests
showed material pile-up but no evidence of channel cracking or delamination of the films was
observed.
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Figure 7.7 Scratch testing profiles of W-Mo thin films
7.3.5. ELECTRICAL RESISTIVITY
The variation of room temperature resistivity (ρ) of the W-Mo films with PAr is presented
in Fig. 7.8. W-Mo films deposited at lower PAr are seen to exhibit higher resistivity. It is evident
that the W-Mo films deposited at lower PAr exhibit ρ≈350-450 μΩ-cm, which is very high
compared to α-phase W films but comparable to those reported in the literature for β-phase W
films(Hao, Chen, and Xiao 2015). A sharp decrease in resistivity is observed for samples
prepared at higher PAr. The ρ values noted for W-Mo films deposited at higher P Ar are in the
range of 150-200 μΩ-cm, which are comparable to the α-phase W films. The effect of
microstructure and its variation with PAr was also reflected in the electrical resistivity behavior of
the W-Mo films. The variation in crystal quality and surface/interface microstructure with P Ar
may the primary reason for the observed electrical characteristics of nanocrystalline W-Mo thin
films.
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Figure 7.8 Electrical resistivity of W-Mo thin films. The high resistivity of W-Mo films noted at
lower PAr decreases sharply for films deposited at higher P Ar
7.4 DISCUSSION

The results obtained can be conveniently used to discuss the combined effect of surface
and interface microstructure variation as a result of Mo-incorporation and sputtering pressure in
W-Mo films. Specifically, as evident from results that, these parameters show a strong influence
on the crystal structure, phase stabilization, surface/interface microstructure evolution,
mechanical properties and electrical resistivity variation of W-Mo films. It is well known that the
thermodynamic parameters, namely the temperature and pressure during deposition, influences
the growth behavior, crystal structure and grain-size variation, and surface/interface morphology
evolution in thin films produced by vapor transport processes(Vüllers and Spolenak 2015;
Harsha 2015; Ohring 1992; Thornton 1974; Knuyt et al. 1996). The adatom mobility, which in
turn dependent on PAr, influences the texturing and/or preferred orientation of the growing film.
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Several models, such as thermodynamic or growth kinetic models(Vüllers and Spolenak 2015;
Oh and Je 1993; Hultman et al. 1998; Gall et al. 2003), exist to explain the correlation between
processing parameters and texture development in thin films deposited by physical vapor
deposition methods. In addition, according to the crystal growth kinetics and the texture
evolution of a growing film, the surface energy of an evolving film is the driving factor for the
texture evolution(Knuyt et al. 1995; Rubio et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu,
and Ramana 2011). Thus, the PAr dependence of crystal structure and texturing of W-Mo alloy
films as noted in this work can be understood from the considerations of an interplay between
thermodynamic and kinetic factors.
The deposition rate and growth behavior under the influence of P Ar are primarily
determined by the mean free path (

of sputtered species according to(Vüllers and Spolenak

2015; Ohring 1992; Thornton 1974):

(3.4)

where kB is the Boltzmann constant, T is the absolute temperature, P is the pressure, and r g and
rm are the ionic radii of Ar gas and W metal, respectively. Increasing pressure increases
availability of Ar atoms for ionization. As a result, a larger amount of Ar+ ions can partake in
target interactions and, hence, increase sputter rates which in turn directly influence the
deposition and film growth(Vüllers and Spolenak 2015). First, we consider the formation of
nanocrystalline W-Mo films and subsequently discuss the observed texturing. In general, the
crystalline versus amorphous growth of metal or alloy thin films resulting from physical vapor
deposition is influenced by the growth temperature, which is an important thermodynamic
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parameter(Rubio et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011). For thin
films of metals or alloys or composites, the condensed species may stay stuck to the regions
where they are landing thus leading to an amorphous films or amorphous matrix if Ts is low so
that the period of the atomic jump process of ad-atoms on the substrate surface is very large
(Rubio et al. 2016; Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011; Dubey et al.
2016). Note that all of the W-Mo films in this work are nanocrystalline although the structural
quality degradation occurs at higher P Ar. Thus, since the nanocrystalline films occur in the entire
range of PAr and no substrate-bias is provided, a deposition temperature of 200 oC is optimum to
provide thermal energy to result in crystalline films resulting from vapor-transport deposition
from the W-Mo target. The presence of small grains in electron imaging analysis coupled with
the presence of well-resolved peaks in XRD indicates the structural order retained and formation
of the nanocrystalline α-phase W-Mo alloy films deposited with relatively low Mo-content in the
W-Mo target for deposition.
Having understood the formation of nanocrystalline W-Mo films under a set of Ts and PAr
conditions, the (110) texturing of W-Mo thin films can be explained as follows. The adatom
surface diffusion occurs among planes and among grains during the initial and growth stage at
the surface of thin films(Liu et al. 2017; Hultman et al. 1998; Gall et al. 2003; Zhang et al. 2014).
There are two types of surface diffusion that influence the preferred texturing. The surface
diffusion among planes is the first. This occurs when surface adatom mobility is low. Thus, the
crystallite on the plane that has lower surface diffusivity parallel to the substrate survive and
become preferred orientation, which corresponds to a high-surface-energy plane. The second is
the surface diffusion among grains which occurs in either the initial or growth stage. This
mechanism is operative when surface adatom mobility is high. In this case, the lowest-surface
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energy plane becomes the preferred orientation(Liu et al. 2017; Hultman et al. 1998; Gall et al.
2003; Zhang et al. 2014). Therefore, (110) texturing of W-Mo films as noted in XRD data is due
to the minimization of energy. In bcc W as well as in bcc Mo, (110) planes are closest-packed
with the lowest surface energy(Dubey et al. 2016; Karabacak et al. 2005; Shen 2003). Thus,
under given conditions of deposition temperature and pressure to promote the formation of
crystalline films, the growth of bcc W-Mo with crystallites in preferred (110) texturing is
thermodynamically preferred. Such a preferred (110) texturing has been reported in sputterdeposited W and Mo films, respectively(Shen 2003; Hao, Chen, and Xiao 2015; Karabacak et al.
2005). Anisotropy exists in polycrystalline or nanocrystalline materials (metals, alloys and
ceramics) and the strain energy densities will typically be different for different crystallographic
directions(Kalidindi, Manciu, and Ramana 2011; Vemuri et al. 2010). As shown by our group for
a wide variety of materials deposited by physical vapor deposition methods(Rubio et al. 2016;
Vemuri et al. 2010; Kalidindi, Manciu, and Ramana 2011), the crystal growth will favor those
orientations with low strain energy density. Therefore, a combination of low PAr with optimum
Ts favors the preferred orientation along (110) while minimizing the strain-energy in the W-Mo
films.
The observed lattice parameter (~3.12 Å) values of W-Mo films being considerably
lower than that reported for α-W bulk (3.16 Å) can be due to incorporation of Mo. First of all,
note that the XRD data and lattice parameter values rule out of the possibility of W-Mo films
stabilizing in the metastable β-phase although the resistivity values are in excellent agreement
with those reported for β-W films. Perhaps, the difference in radii of W and Mo coupled with
nanoscale effects may be the reason for the observed difference in lattice parameter values of
nanocrystalline, α-phase W-Mo films compared to that of α-W bulk. The comparison of
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empirical atomic radii between W (0.137 nm) and Mo (0.136 nm) suggests a solid solution
where Mo atom can be a substitutional defect.(Shackelford 1985) This phenomenon has been
previously observed with yttrium (≤ 5wt%) doping of W(Avettand-Fènoël et al. 2003). Thus,
lattice parameter decrease can be expected when alloying W with those metals with lower or
comparable radius. However, lattice parameter enhancement due to the larger radius of the
respective element alloying with W has been reported in the literature for W-Si and W-Ti
alloys(Cavaleiro and Louro 2002). Therefore, net result of either lattice expansion or contraction
is primarily due to the size of the element chosen to incorporate into W.
The dependence of the surface and interface microstructure evolution in W-Mo films on
the sputtering pressure can be described as follows. It is well known that the number of collisions
between sputtered atoms and gas atoms is dependent on the P Ar during the sputter-deposition
process of thin films(Liu et al. 2017; Dubey et al. 2016; Vüllers and Spolenak 2015). Therefore,
according to eq. (4), under lower PAr the sputtered atoms encounter fewer collisions before
reaching the substrate(Liu et al. 2017; Dubey et al. 2016; Vüllers and Spolenak 2015). Hence,
the sputtered species have sufficient energy for surface diffusion to preferred nucleation sites and
accommodate in a regular fashion. As a result, the films possesses high degree of crystalline
structure and/or texturing(Liu et al. 2017; Vüllers and Spolenak 2015). On the other hand, at a
higher pressure, the sputtered atoms undergo more collisions which in turn cause a decrease in
the kinetic energy and an increase in the probability of the agglomeration of deposited atoms. It
implies that the diffusion of adatoms becomes restricted, even sitting on incorrect positions to
expand the lattice plane. Moreover, the potential for film damage due to the peening effect is
reduced; thus, the agglomeration of deposition adatoms is promoted.
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It is evident from SEM data that the W-Mo film interface microstructure changes from a
dense fine-fiber to columnar structure as PAr increases. We believe that the interface
microstructure evolution in W-Mo films is mainly due to the variation in adatom or particle
energy as a function of P Ar. In general, in the sputter-deposited films, the interface microstructure
is strongly dependent on the adatom or particle energy of the growing film. Thus, the observed
dense fine-fiber structure for W-Mo films deposited at lower PAr is due to the effect of the high
adatom energy. On the other hand, slightly porous but well maintained columnar structure at the
intermediate PAr values may be the signature of reduced ad-atom energy leading to reduced
surface mobility(Liu et al. 2017; Vüllers and Spolenak 2015). However, the lower adatom or
particle energy and, hence, the limited diffusion accounts for the observed microstructure of WMo films at high PAr. Such differences in surface and interface microstructure of the PVD films
as a function of PAr were also noted in pure W(Vüllers and Spolenak 2015), Ti(Chawla et al.
2009), Cr(Foroughi-Abari, Xu, and Cadien 2012) and W-B alloys(Liu et al. 2017). Additionally,
the variation of microstructure for W-Mo films was also corroborated by the X-ray diffraction
analyses, where the tendency of the films deposited under higher P Ar to exhibit degradation in
structural quality was evident in changes in the peak intensity and shape.
Finally, the origin of superior mechanical properties their functional dependence on the
microstructure in W-Mo films can be understood as follows. As evident from the results, W-Mo
films deposited at PAr=5 mTorr exhibit the maximum hardness (24.5 GPa) and elastic modulus
(240 GPa) values. These values are higher than that of coarse-grained bulk W, which exhibits a
hardness value of only ~3.92 GPa(Sun et al. 2010). These higher values of H and Er are,
undoubtedly, due to the texturing and interface microstructure of W-Mo films. Note that these
parameters (Er and H) are an intrinsic mechanical property of a material dominated by the
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strength and chemical bonds between constituent atoms(Ji et al. 2008;Sherman and Brandon
1999; Pellicer et al. 2010). In addition, in the light of plastic deformation, the higher the
resistance to plastic deformation the higher the hardness as revealed by H, E r, H/Er and H3/Er2.
Size reduction also accounts for the observed enhancement in the mechanical characteristics of
W-Mo films.

The role of grain boundaries in hindering dislocation motion is enhanced

significantly with the reduction in grain size(Sherman and Brandon 1999; Tjong and Chen 2004;
Pellicer et al. 2010). This enhancement in turn results in increased stress concentration at grain
boundaries due to dislocation pile-up. This can be understood from the so called Hall-Petch
relationship, which postulates that H is inversely proportional to the square root of grain size. In
addition, it has been reported that the occurrence of intragranular nanotwins also enhances the
material strength(Pellicer et al. 2010). Actually, twin boundaries can act in an analogous manner
as high-angle grain boundaries in terms of disrupting dislocation motion and have been shown to
be particularly effective in impeding the propagation of single dislocations. According to the
well-known Hall-Petch relation, conventional polycrystalline metals and alloys show an increase
in yield strength (

) with decreasing grain size (d) according to:
(3.5)

where

is friction stress resisting the motion of gliding dislocation, and k is the Hall–Petch

slope, which is associated with a measure of the resistance of the grain boundary to slip transfer.
In analogy, hardness can also be related to the grain size by (Tjong and Chen 2004):
(3.6)

where

and

are constants. Hardness is a measure of the resistance of a material to plastic

deformation under the application of an indentation load. However, it has to be pointed out that
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other phenomena such as relaxation processes at grain boundaries, associated with an extremely
fine grain size, could lead to a decrease in strength and this could result in an inverse Hall-Petch
relationship. Thus, the smaller grain size noted accounts for the observed superior values of H
and Er in W-Mo films. Such grain-size reduction or refinement facilitated enhancement in
hardness was also noted in sputter-deposited W-Si, W-Ti and W-Ni alloy films(Cavaleiro and
Louro 2002) and recently in electrodeposited Cu-Ni alloy thin films(Pellicer et al. 2010).
According to conventional theory of dislocation pile-up, the critical grain size for maximum
hardness can be calculated using the relation(Nieh and Wadsworth 1991):
(3.7)
where G is the shear modulus, b is the Burgers vector of the bcc crystal, ν is the Poisson’s ratio,
and σapp is the external applied stress. Using the strength of bulk W and experimental
(nanoindentation) values for W-Mo films, the calculated value of critical grain size for maximum
hardness is ~22 nm. It is important to recognize that the grain size values are in the range of 2224 nm for those W-Mo films, which exhibit a maximum hardness of 24.5 GPa as noted in this
work. In other words, the calculations made according to conventional theory of dislocation pileup and experimentally determined values of critical grain size and maximum hardness are in
excellent agreement with each other and strongly support the refinement in grain size accounts
for the observed superior values of H and E r in W-Mo films.
In recent years, combined analysis and consideration of H/Er and H3/Er2 along with H and
Er has been proposed as a realistic means to derive a better understanding of the mechanical
behavior of hard metal or alloy or nano-composite thin films coatings.(Tjong and Chen 2004;
Pellicer et al. 2010; Liu et al. 2017; Beake et al. 2006) The ratio of H/Er, is proportional to
fracture toughness of the film while H3/Er2 is a measure of the material’s resistance to plastic
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deformation(Tjong and Chen 2004; Beake et al. 2006). Thus, these parameters allow to
determine the W-Mo film resistance to cracking to some extent and are often used to evaluate the
film toughness and wear performance. It is important to recognize that the observed H, Er, H/Er
and H3/Er2 values and their trends clearly indicate that the mechanical properties obtained in this
work for W-Mo films are elevated. Furthermore, contribution from WO3 or MoO3 or WxMoyO3
is ruled out since the measured values are not even closer to any of these materials(Dubey et al.
2016) WO3 or MoO3 or WxMoyO3 films, which can be categorized under ceramic oxide films,
are brittle while W-Mo alloy thin films are not. For W-Mo-O films, the maximum mechanical
characteristics are obtained at Ts=300 oC which are H=21 GPa and Er=216 GPa(Dubey et al.
2016). Similarly, the best mechanical characteristics reported for WO3 (annealed samples) are
H=16 GPa and Er=190 GPa(Dubey et al. 2016). These values obtained for W-Mo films in this
work are: H=40 GPa, Er=275 GPa, H/Er=0.8, and H3/Er2=0.145 GPa. Thus, comparison of the
data clearly indicate the signature of superior mechanical characteristics of W-Mo alloy films.
Therefore, in the light of elastic recovery and plastic deformation, the most pronounced effect of
W alloying with Mo i.e., W-Mo films, is the fact that they exhibit H/E r and H3/Er2 much higher
(0.145 and 0.8, respectively) than pure W (0.13 and 0.36, respectively). This is a clear indication
that pure W film exhibits a lower wear resistance and lower resistance to plastic deformation
than W-Mo alloy films. The surface/interface microstructure features manifests the occurrence of
stress, which may be also responsible for the observed superior mechanical characteristics of WMo alloy films and their functional dependence on P Ar. The dense microstructure without any
columns observed at lower PAr may result in compressive stress, which contributes to higher H
and Er values. In general, the occurrence of mechanical stress and associated hardness, is due to
the atomic peening effect caused by energetic particles such as sputtered atoms and sputtering-
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gas species (atoms or ions) leading to densification of the microstructure(Liu et al. 2017;
Cavaleiro and Louro 2002). The sputtered species, which normally arrive at the surface of the
growing film with enhanced energy, strike the surface and, thereby, limiting the columnar
interface morphology growth in the microstructure development of the films. However, with
increasing PAr, the columnar microstructure evolves resulting in reduced compressive stress or
transition to tensile stress. The columnar structure with presence of voids even in a smaller
portion causes shrinking and stress in the films(Liu et al. 2017; Cavaleiro and Louro 2002; Tjong
and Chen 2004). The net result is the decrease in the magnitude of mechanical characteristic
parameters namely H, Er and their ratios i.e., H/Er and H3/Er2, with increasing as observed in WMo films deposited at PAr>9 mTorr. Finally, in addition to evaluation of the mechanical behavior
of W-Mo films, an attempt has been made to plot the H3/Er2 versus hardness to validate the
hypothetical linear relationship suggested by Musil and co-workers and verified in Ti–Si–N, Zr–
Y–N, Zr–Cu–N and Ti–Mo–N nanocomposite films made by sputter-deposition(Musil et al.
2002). Musil et al. have defined the parameter (H3/Er2) as the resistance to plastic deformation
and demonstrated a general, linear relationship between H3/Er2 and H for many of coatings for
mechanical and tribology applications(Gönüllü et al. 2012). The variation of H3/Er2 with H in the
present case of W-Mo alloy films is shown in Fig. 7.9. It can be seen that the data fits
approximately to a linear relationship, which is excellent agreement with the data shown by
Musil et al.(Musil et al. 2002). Using nano-indentation and nano scratch testing, Beake et al.
have also demonstrated such linear relationship in TiN/Si3N4 coatings on Si(Beake et al. 2006).
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Figure 7.9 linear relationship between H3/Er2 and H for many of coatings for mechanical and
tribology applications

The electrical characteristics of W-Mo alloy films can be explained as follows. The
electrical resistivity usually becomes higher with grain size reduction due to the increasing grain
boundary volume and associated impedance to the flow of charge carriers(Vemuri et al. 2010;
Rubio et al. 2016; Gupta, Kumar, and Khare 2007; Ramana et al. 2014). If the grain size is
smaller than the electron mean free path, grain boundary scattering dominates and hence the
higher electrical resistivity(Gupta, Kumar, and Khare 2007). Furthermore, the electrical
resistivity is also very sensitive to lattice imperfections in solids, such as vacancies and
dislocations which are often present in nanocrystalline materials. In addition to that, lattice strain
and their distortions can affect the charge mobility causing a decrease in conductivity. The roomtemperature electrical resistivity variation with P Ar observed for W-Mo films can be explained
taking these factors into consideration. The high resistivity at lower PAr can be attributed to the
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dense microstructure as seen SEM data coupled with crystalline nature of W-Mo films. The
observed sharp decrease in the electrical resistivity for W-Mo films at higher PAr seems to be a
result of the effect defects introduced as a result of microstructure variation, where there is a
sharp decrease in grain size which facilities the carrier transport across the grains. Such behavior
was also noted in sputtered Cr films as a function of P Ar(Foroughi-Abari, Xu, and Cadien 2012).
Furthermore, the electrical resistivity data trend exhibits a direct correlation with grain size
variation trend for W-Mo alloy films. Thus, the trend in resistivity can be mainly attributed to
microstructure variation and grain boundaries with P Ar. Furthermore, the electrical results are in
agreement with the results obtained from SEM and XRD studies
7.5 CONCLUSIONS
Tungsten-molybdenum (W-Mo) nanocrystalline (nc) thin films (≈300 nm) were
deposited under variable argon (Ar) sputtering pressure (P Ar), which is varied in the range of 319 mTorr. The combined effect of Mo and PAr on the crystal structure, phase, surface and
interface morphology, mechanical properties and electrical characteristics of nc W-Mo films
were investigated in detail. The results and analyses indicate that the effect of surface/interface
microstructure is significant on the mechanical and electrical characteristics of W-Mo alloy thin
films. X-ray diffraction analyses indicate that all the W-Mo thin films crystallize in
thermodynamically stable α-phase of W. However, the crystal quality degradation occurs for WMo films deposited higher PAr due to difference in the mobilities of sputtered species. The
average grain size (d) of the nc W-Mo films was in the range of 11-24 nm; The d-PAr relationship
indicates that the grain size decreases with increasing P Ar. The effect of variable PAr in the range
of 0-20 mTorr and associated microstructure are significant on the mechanical characteristics;
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the hardness (H) and modulus of elasticity (Er) of the nc W-Mo thin films deposited at lower PAr
were higher but decreases continuously with increasing P Ar. The W-Mo thin films deposited
under optimum sputtering pressure exhibit superior mechanical characteristics: H=40 GPa,
Er=275 GPa, H/Er=0.8, and H3/Er2=0.145 GPa, which are relatively higher compared to pure, αphase W films. The nc W-Mo films deposited at lower PAr (3-9 mTorr) exhibit high
resistivity≈350-400 μΩ-cm, which decreases to ~150 μΩ-cm for films deposited at higher PAr.
Based on the results, structure-mechanical-electrical property correlation in nc W-Mo films is
established. The structure-phase-mechanical-electrical property correlation established suggests
that further options may exist to tailor the quality and performance of W-Mo films for future
electronic and electromechanical device applications.
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CHAPTER 8: W-MO FILMS – EFFECT OF SUBSTRATE TEMPERATURE
ABSTRACT
This chapter presents a report on the design and stabilization of the mechanically hard
and electrically resistive β-phase W-Mo nanocrystalline thin films at room-temperature (RT).
The W-Mo films were deposited under different deposition temperatures in the range of Ts=RT300 ֩C. Structural analyses indicate that, as deposited at RT, the W-Mo films crystallize in the
metastable β-phase while those deposited at higher T s (100-300 °C) exhibit the
thermodynamically stable α-phase.

The phase-effect is significant on the mechanical

characteristics; superior hardness (H) and modulus of elasticity (Er) were found in β-than in αphase W-Mo films. At the β-to-α phase transformation, significant reduction occurs in H
(4025 GPa) and Er (275225 GPa) coupled with a reduction in electrical-resistivity
(320180 μΩ-cm). Our findings and the phase-mechanical-electrical property correlation
established may provide further possibilities to design and tailor the performance of W-based
thin films for future electronic and electromechanical device applications.

8.1 INTRODUCTION

Tungsten (W) exhibits excellent electrical, mechanical and physical properties, such as
high melting point (Tm=3422 oC), high erosion resistance, reduced long-term activation and
radiation tolerance, which makes this material of particular interest for many scientific and
technological applications(Hao, Chen, and Xiao 2015; Choi 2014; Karabacak et al. 2004; Roger,
Audubert, and le Petitcorps 2009; Reiser et al. 2015; Salamon et al. 2013; Rossnagel, Noyan, and
Cabral 2002; Sarker 2014; J. Kim et al. 2014). It has been widely demonstrated in the literature
that the properties and phenomena of W and W-based materials can be controlled by tailoring the
127

composition and processing conditions. Tungsten has been serving the electronics, photonics,
electro-optics, mechanics, and electro-mechanical industries for several decades. In addition to
very high melting point of all metals, W also exhibits excellent high-temperature strength and
high creep resistance, which allow the material to be used in extreme environment mechanical
applications(Roger, Audubert, and le Petitcorps 2009; Reiser et al. 2015). In X-ray technology,
W films are used as absorption masks in x-ray lithography or diffracting layers in x-ray
mirrors(Salamon et al. 2013). Due to ability to withstand high temperatures, relatively nonreactive and low resistance, thin films of W have been serving the manufacturing needs of
today's high performance integrated circuits (ICs)(Rossnagel, Noyan, and Cabral 2002; Sarker
2014). Recently, as a representative signature of future applications, W and/or W-containing
composite materials were proved to be excellent candidate materials for nuclear radiation
shielding (J. Kim et al. 2014). Kim et al. presented a new class of gamma radiation shielding
materials consisting the nano-W dispersed in polymer nanocomposites whose radiation
attenuation is greatly enhanced compared to their micro-W containing counterparts (J. Kim et al.
2014). However, it must be noted that the properties and phenomena of pure W and W-based
alloys, as well as composite materials, depend on the final composition and processing
conditions(Hao, Chen, and Xiao 2015; Choi 2014; Karabacak et al. 2004; Roger, Audubert, and
le Petitcorps 2009; Reiser et al. 2015; Salamon et al. 2013; Rossnagel, Noyan, and Cabral 2002;
Sarker 2014; J. Kim et al. 2014; Xu et al. 2014; Ilić et al. 2007). Furthermore, manipulating the
phase and microstructure at the nanoscale dimensions can provide excellent opportunities to
further properties improvement. (Hao, Chen, and Xiao 2015; Choi 2014; Karabacak et al. 2004;
Roger, Audubert, and le Petitcorps 2009; Reiser et al. 2015). Intrinsic or W-based multicomponent alloy films for the aforementioned technologies can be prepared using a wide variety
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of physical and chemical deposition methods. While simple evaporation, sputtering and chemical
vapor deposition (CVD) are the most commonly used processes in industry, however, the
structure and properties of resulting films depend on the processing conditions such as base
pressure, growth temperature, working pressure, deposition rate and annealing conditions.
Despite promising applications, stabilization of β-W phase is quite challenging. Usually,
the metastable β-W phase stabilizes in the early stages of film growth and/or up to a certain
critical thickness after which point it transforms to stable α-phase(Hao, Chen, and Xiao 2015;
Rossnagel, Noyan, and Cabral 2002; Weerasekera et al. 1994; O’Keefe and Grant 1996) The
conditions of higher thickness (~20 nm higher) or higher temperatures, or post-deposition
annealing, or in-situ rapid thermal annealing result in the transformation/stabilization of αphase.(Hao, Chen, and Xiao 2015; Karabacak et al. 2004; Rossnagel, Noyan, and Cabral 2002;
Weerasekera et al. 1994; O’Keefe and Grant 1996; Karabacak et al. 2003). Furthermore, in spite
of numerous studies on alloying W with various elements such as Re, Ti, and Cu, the
fundamental science of nanocrystalline W-Mo films is not well understood at this time. In this
context, here in this communication, we present our study on W-Mo nanocrystalline films, where
phase-control enabled changes in the mechanical and electrical properties are demonstrated.
8.2 EXPERIMENTAL
8.2.1 FABRICATION

Nanocrystalline W-Mo thin film alloys were deposited using direct-current magnetron
sputtering onto silicon (100) substrates. A 2 in. W-Mo (W 95 wt% + Mo 5 wt%) alloy target
(Plasmaterials, Inc.) with a purity of 99.999% was employed for sputter-deposition of W-Mo
films. The substrates were thoroughly cleaned and dried with nitrogen before introducing them
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into the vacuum chamber trying to eliminate most of the contaminants. The chamber was
initially evacuated to a base pressure of 2x10-7 Torr. The W-Mo target was placed on the 2 in.
sputter gun, which was placed at a distance of 8 cm from the substrate. A sputtering power of 40
W was initially applied to the target while introducing high purity argon (Ar) into the chamber to
ignite the plasma. Once the plasma was ignited, the sputtering power was slowly increased to
120 W to deposit W-Mo films. The substrates were rotated during deposition at a rate of 3-4 rpm
to ensure lateral isotropy of the films. The fabrication conditions employed for W-Mo films are
listed in Table 1. The deposition of the samples were made under variable substrate temperature
(Ts), which is varied from room temperature (RT=25 oC) to 300 °C while keeping Ar pressure
constant (5 mTorr). Before each deposition, the W-Mo target was pre-sputtered for 15 min with
the sample shutter closed in order to obtain stable plasma and remove the contaminants (if any)
on the target. The deposition was made for a constant time of 40 min. While thickness calibration
is made to obtain W-Mo films of ~220 nm at RT, films deposited at higher temperatures exhibit
thickness reduction up to ~180 nm when Ts=300 oC 4.3.2 Characterization
CRYSTAL STRUCTURE AND MORPHOLOGY

The crystal structure, phase and morphology of W-Mo alloy thin films was analyzed
using grazing incidence X-ray diffraction (GIXRD) and Scanning electron microscope (SEM).
GIXRD measurements on W-Mo films were performed using a Bruker D8 Advance X-ray
diffractometer. All the measurements were made ex-situ and as a function of variable PAr.
GIXRD patterns were recorded using Cu Kα radiation (λ=1.54056 Å) at room temperature. The
X-ray beam was fixed at a grazing incidence of 0.5°. The scanning was performed in a 2θ range
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of 15–70 using the “detector scan” mode where the detector moves independently to collect the
diffraction pattern.
Surface imaging analysis of the W-Mo alloy thin films was performed using a highperformance and ultra-high resolution scanning electron microscope (Hitachi S-4800).
Secondary electron imaging was performed on W-Mo films grown on Si wafers.
MECHANICAL CHARACTERIZATION – NANOINDENTATION

In order to fully investigate the mechanical properties and to understand the structuremechanical property relationship in W-Mo alloy thin films, both the hardness (H) and reduced
elastic modulus (Er) of the deposited films were probed using a Hysitron TI750 Tribo
nanoindenter. Nanoindentation measurements were made employing a triangular pyramid
Berkovich diamond indenter with normal angle of 65.3 ° between the tip axis and the faces of
triangular pyramid and the effective size of apex is about 100 nm. Standard procedures were
employed to derive the mechanical properties with the help of loading and unloading curves.
(Oliver and Pharr 1992; Hussein Nili et al. 2013)The method developed by Oliver and Pharr was
employed to calculate the mechanical characteristics (H and E r).(Oliver and Pharr 1992) Using
this method, Er can be calculated by finding the stiffness (S) of the film from the slope of the
unloading curve. The relation between E r and S can be described using:
(1)

where A is defined as the area of contact at peak load.(Oliver and Pharr 1992) To find the
hardness values, the same value for area of contact is used along with the maximum load (P max)
in:
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(2)

Load controlled indentation tests were performed initially on each sample to determine
the maximum depth that would not be more than 10% of the total film thickness to minimize the
substrate effect. All the indentation tests have been performed using a constant load of 500 µN,
which has penetration depth of ≤10% of the W-Mo alloy film to satisfy the nanoindentation
criterion of penetration depth and repeated at least 25 times for statistical average on each and
every W-Mo alloy thin film sample.
ADHESION AND INTERFACIAL BONDING - SCRATCH TEST

The scratch tests were also performed using Hysitron 750 nanoindenter but with conical
diamond indenter (r=0.47 μm). Tests were conducted by simultaneously driving the indenter into
the films at a loading rate of 88 μN/s and across the films at a lateral displacement rate of 0.17
μm/s to a maximum load of 8000 μN, this try to only encouragement elastic-plastic deformation.
During each test, the normal and tangential loads and the scratch distance were continuously
recorded. The conical diamond indenter is drawn across the coating surface under increasing
load (10 µN to 8000 µN) until the film is removed in a regular fashion; the load corresponding to
failure gives a guide to the adhesion strength and is referred to as the ‘critical load.'
ELECTRICAL CHARACTERIZATION
The four-point Van der Pauw method was used to measure the resistivity of the films
(van der Pauw 1958). Four electrical contacts on the sample were made using a two part
conducting epoxy and silver wires. In this method, voltage and current are measured using eight
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different combinations of the four contact points on the sample. This means that in the first set of
measurements, current is applied to one pair of electrodes and voltage is measured across the
other two electrodes and then the process is repeated for other contact configurations. A current
of 2mA was applied to the sample using a Keithley 220 programmable current source. A
Keithley 196 sensitive digital voltmeter was used to read the voltage and a 196 DMM system
was used to read the current between two contacts. A Keithley 2001 switch was used to switch
between contacts. The meters were connected to a computer and LABVIEW data acquisition
system via the IEEE-488 GPIB for automatic data recording. The final resistivity was calculated
using the Van der Pauw principle taking into account the sample thickness, the shape factor and
other limitations.(van der Pauw 1958)
8.3 RESULTS

The GIXRD diffraction patterns of W-Mo films are shown in Fig. 8.1. The detailed high
resolution scans of the intense peak observed for all the samples are shown in Fig. 8.1b, where
the (210) peak of -W and (110) peak of -W are normalized individually to scale the
intensity(Chipera and Bish 2013). The data of W-Mo films is compared with those for the α and
β phases of pure W. The data indicates that the W-Mo films deposited at RT crystallize in βphase of W with a (210) preferred orientation(Salamon et al. 2013; Rossnagel, Noyan, and
Cabral 2002). It is evident that increasing Ts induces a phase transformation at 100 oC, where WMo films exhibit a dominant α-phase(Salamon et al. 2013; Rossnagel, Noyan, and Cabral 2002)
of W with a preferred (110) texturing. The high-resolution XRD scans of the W-Mo films
presented in Fig. 8.1b clearly indicate the β-W(210) to α-W(110) transformation with increasing
Ts. The lattice parameter values calculated are consistent with the observation of specific phase
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in W-Mo films. The lattice constant values of W-Mo films, which are predominantly in α-phase,
deposited at Ts=100-300 oC are in the range of 3.16-3.17 Å, which is in excellent agreement
with that reported for α-W bulk (3.16 Å)(Rossnagel, Noyan, and Cabral 2002; Sarker 2018).
However, β-phase W-Mo films deposited at RT indicate an enhancement in the lattice constant.
The calculated value of lattice constant is ~5 Å, which is substantially higher than that of α-phase
W.
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Figure 8.1 X-ray diffraction patterns of W-Mo thin films. (a) Full range patterns; (b) Detailed
scan of the intense peak. Peak indexing is made to according to W α- and β- phases.
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The variation of H and Er of W-Mo films is presented in Fig. 8.2a. It is clearly seen that
the hardness and elastic modulus values are very high for films deposited at RT. Er value
decreases with increasing Ts. The maximal H (~40 GPa) and Er (~280 GPa) have been obtained
for the W-Mo films deposited at RT . The superior mechanical properties of these W-Mo films
are primarily due to the metastable β-phase stabilization .(Sun et al. 2010) However, it should be
noted that the H and Er values of these W-Mo are higher compared to either WO3 or W-Mo-O
composite films.(Dubey et al. 2016) In order to make further assessment on the mechanical
behavior and to understand the differences in W-Mo films deposited, analysis of H/Er and H3/Er2
is made. The H/Er and H3/Er2 values are presented in Fig. 8.2(b,c). These values are calculated
from the experimentally determined H and E r values. It is evident that the W-Mo films deposited
at RT and identified in β-phase exhibit the highest values of H/Er (Fig. 8.2b). The H/Er decreases
at critical Ts=100 oC, where W-Mo films exhibit a β- to α-phase transformation. The H/Er ratio is
generally called the plasticity index.(Leyland and Matthews 2000; Santos, NascimentoII, and
Camargo 2013) The H/Er ratio has been proposed as a key parameter to indirectly estimate the
wear resistance. The high value, H/Er≥ 0.1, indicates that the film exhibits high elastic recovery
or high wear resistance. It is important to recognize that all of the W-Mo films exhibit high
values of H/Er, which characterizes the hard nature of W-Mo films, especially those in β-phase.
However, note that the oxygen incorporation or W-Mo-oxide films do not exhibit values even
close to 0.1(Dubey et al. 2016).
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Figure 8.2 Mechanical responses of W-Mo films. (a) The variation of hardness (H) and elastic
modulus (Er) with Ts is presented. The effect of Ts on (b) H/Er and (c) H3/Er2
values. It can be noted that the mechanical characteristics (H, E r, H/Er and H3/Er2)
of β-phase W-Mo films are superior compared to that of α-phase W-Mo films.
The ratio H3/Er2, which is an important parameter related to mechanical characteristics of
the films, is usually labeled as resistance to plastic deformation.(Ramana et al. 2014) Thus, this
ratio index provides an assessment of film resistance to plastic deformation. It can be noted (Fig.
8.2c) that H3/Er2 also follows the similar trend; it is high in β-phase W-Mo films and then
decreases for α-W-Mo films. It has been reported that the higher value of H3/Er2 indicates the
higher fracture toughness of the films. Therefore, the high values of H3/Er2 indirectly indicates
the higher fracture toughness of the β-phase W-Mo films compared to α-phase W-Mo films. The
observed H, Er, H/Er and H3/Er2 values and their trends clearly indicate that the mechanical
properties obtained in this work for WMo films are elevated and any contribution from WO3 or
MoO3 or WxMoyO3 is ruled out.
The room temperature electrical resistivity of the W-Mo films is shown in Fig. 8.3. The
W-Mo films deposited at RT exhibit higher resistivity. A sharp resistivity decrease is observed
for the samples prepared at Ts=200-300 ˚C. The effect of phase is also reflected in the observed
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resistivity behavior. The electrical resistivity usually becomes higher with grain size reduction
due to the increasing grain boundary volume and associated impedance to the flow of charge
carriers(Ramana et al. 2014; Gupta, Kumar, and Khare 2007; Vemuri et al. 2010). If the
crystallite size is smaller than the electron mean free path, grain boundary scattering dominates
and, hence, the electrical resistivity is higher. Furthermore, the electrical resistivity is also very
sensitive to lattice imperfections in solids, such as vacancies and dislocations which are often
present in nanocrystalline materials(Gupta, Kumar, and Khare 2007). The electrical resistivity
variation with T s observed for W-Mo films can be explained taking these factors into
consideration. The W-Mo films deposited at Ts=RT are completely in β-phase and with large
value of lattice constant as well as hard with high plasticity index. These factors, thus, account
for the observed high resistivity (~320 μΩ-cm, comparable to β-W(Hao, Chen, and Xiao 2015;
Choi 2014; Karabacak et al. 2004) of W-Mo films deposited at RT. The resistivity decrease with
increasing Ts can be attributed to the phase transformation and improved packing density of WMo films. However, once the W-Mo films transform from β- to α-phase, the changes are not
significant with further increase in temperature in the range of 100-300 oC. Thus, the trend in
resistivity is mainly attributed to phase transformation and grain boundaries.
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Figure 8.3 Electrical resistivity variation of W-Mo films with Ts. It is evident that the β-phase
W-Mo films exhibit high resistivity compared to α-phase W-Mo films.
8.4 DISCUSSION

Finally, a simple model can be formulated to account for the observed structural
evolution, electrical properties and associated mechanical behavior of the nanocrystalline W-Mo
films. Note that the mechanical characteristics and electrical properties of nanocrystalline
materials are sensitive to the microstructure; they are influenced by various factors such as
surface/interface structure, grain size, crystal quality, dislocation density, lattice parameters,
lattice strain, carrier concentrations, defect structure, and chemical composition. For β-phase WMo films, the lattice constant determined is ~5 Å, which is substantially higher than that of αphase W. However, it is interesting to note that the lattice parameter (~5 Å) of β-phase W-Mo
films is slightly lower than that of bulk β-phase W (5.04 Å).(Rossnagel, Noyan, and Cabral
2002; Sarker 2014) Perhaps, the difference in radii of W and Mo coupled with nanoscale effects
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may the reason for the observed difference in lattice parameter values of nanocrystalline, β-phase
W-Mo films compared to that of β-W bulk. On the other hand, it is interesting to note that, the
XRD data indicate that the thermodynamically stable α-phase of W is retained even after
inclusion of Mo in the crystal structure. The comparison of empirical atomic radii between W
(0.137 nm) and Mo (0.136 nm) suggests a solid solution where Mo atom can be a substitutional
defect. This phenomenon has been previously observed with yttrium (≤ 5wt%) doping of
W(Avettand-Fènoël et al. 2003). The (110) texturing of W-Mo films upon β- to α-phase
transformation then can be easily understood as follows. The oriented growth of nanocrystalline
W-Mo films along (110) direction is clearly seen in the XRD data. In bcc W as well as in bcc
Mo, (110) planes are closest-packed with the lowest surface energy. Therefore, under given
deposition temperature conditions to promote the formation of crystalline films, the bcc W-Mo
crystallites growth with (110) texturing is preferred. Such a preferred (110) texturing has been
reported in sputter-deposited W and Mo films, respectively(Hao, Chen, and Xiao 2015; Choi
2014; Karabacak et al. 2004; Rossnagel, Noyan, and Cabral 2002; Sarker 2014; J. Kim et al.
2014; Shen 2003). Having understood the structural evolution, we now direct our attention to the
mechanical and electrical properties. The superior mechanical properties of W-Mo films are
primarily due to the presence of metastable β-phase and nano-size crystallites (15-20 nm) in the
W-Mo films. Note that the parameters (Er and H) are an intrinsic mechanical property of a
material dominated by the strength and chemical bonds between constituent atoms. The larger
lattice constant magnitude in β-phase W-Mo films, thus, characterizes stronger bonds, which
account for the observed higher mechanical and electrical characteristics. In addition, in the light
of plastic deformation, the higher the resistance to plastic deformation the higher the hardness as
revealed by H, Er, H/Er and H3/Er2. In addition, the superior mechanical characteristics of β-
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phase W-Mo films can be also understood from texturing and grain size considerations. Higher
stresses are applied normal to the film surface depending on the texturing i.e., β(210) versus
α(110), which results in higher H values. The electrical resistivity usually becomes higher with
grain size reduction due to the increasing grain boundary volume and associated impedance to
the flow of charge carriers(Ramana et al. 2014; Gupta, Kumar, and Khare 2007). The higher
electrical resistivity of β-phase W-Mo films is attributed to the smaller crystallite size, where
grain boundary scattering dominates.
8.5 CONCLUSIONS

Nanocrystalline W-Mo films were fabricated using sputter deposition, and their
structural, electrical and mechanical properties were investigated. W-Mo films deposited at RT
crystallize in metastable β-phase. These films exhibit superior mechanical characteristics: H=40
GPa, Er=275 GPa, H/Er=0.8, and H3/Er2=0.145 GPa, which are relatively higher compared to αphase W-Mo films deposited at Ts=100-300 oC. β-phase W-Mo films exhibit high resistivity≈320
μΩ-cm. Phase-transformation induced changes in the mechanical and electrical characteristics are
significant. The phase-mechanical-electrical property correlation established suggest that there
may be further possibilities exist to design and develop a large class of W alloy thin films with
controlled properties for enhanced performance in electronic, mechanical and electromechanical
device applications.
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CHAPTER 8: SUMMARY AND CONCLUSIONS
The present work was focused toward engineering the nanostructured materials based on
W and W-based alloys for nuclear applications. Specifically, W, W-Mo and W-Y alloy coatings
were fabricated and evaluated for their potential nuclear applications. Nanocrystalline W/Walloy coatings (~1 µm) were deposited onto Silicon (100) and Sapphire (C-plane). Mo or Y
content in W-alloys was varied to enhance the irradiation tolerance under optimum
concentration. Clearly, Mo or Y incorporation into W to make W-Mo or W-Y alloys is effective
to control the microstructure and mechanical properties. The selected samples with optimum
concentration were then subjected to depth-controlled irradiation by neutrons and heavy Au3+
ions. Solid solution strengthening was achieved by doping Mo/Y solute atoms to W matrix with
the intention of creating interstitial point defects in the crystals that impede dislocation motion,
increasing the hardness and elastic modulus. It was discovered that stabilizing mechanically hard
and electrically resistive metastable β-phase is possible by alloying W with suitable elements and
by tuning processing conditions. The effect of processing variables on the structure and
mechanical characteristics was investigated in detail. The effect of microctructure was significant
on the mechanical characteristics; conditions were optimized to obtaine superior chemical
characteristics (hardness (H) and modulus of elasticity (Er)) for W, W-Mo and W-Y coatings.
Nanoindentation and nanoscratch techniques before and after nuclear irradiation allowed us to
probe the irradiation effects. The result demonstrate that Y-addition coupled with nano-scale
features dramatically improve the nuclear irradiation tolerance of the coatings. New models were
proposed to account for plastic deformation and wear resistance of W-based alloys at the
nanoscale dimensions. The structure-phase-mechanical-electrical property correlation established
in these materials suggest that there may be further options exist to tailor the quality and
performance of W-based alloys for other, future electro-mechanical and nuclear applications.
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CHAPTER 9: FUTURE WORK
The following are the recommendations for future work.
1. Perform computational work to see what elements can be chosen to alloy with W so as to
improve mechanical characteristics.
2. Theoretical and computational work to understand the effect of certain class of metals to
alloy with W on the crystal structure and stress evolution may provide deeper insights
into the expected properties and phenomena. Therefore, such studies are warranted.
3. Due to limited availability of nuclear reactor(s) and facilities, only the best samples were
subjected to irradiation and associated analyses. Further examination of this class of Walloys on a rigorous basis is highly recommended to pursue in the future. Such studies are
expected to provide clues to design and develop excellent candidate materials for nuclear
applications.

142

REFERENCES
Alford, Terry L., Leonard C. Feldman, and James W. Mayer. 2007. Fundamentals of Nanoscale
Film Analysis. PhD Proposal. Vol. 1. Springer. doi:10.1017/CBO9781107415324.004.
Allen, T, H Burlet, R K Nanstad, M Samaras, and S Ukai. 2009. “Advanced Structural
Cladding.” MRS Bulletin 34 (January).
Allen, Todd, Jeremy Busby, Mitch Meyer, and David Petti. 2010. “Materials Challenges for The
Safe and Economical Operation of Any Nuclear Power System Relies States to Test Their
Ideas for Improved Fuels and Materials .” Materials Today 13 (12): 14–23.
doi:10.1016/S1369-7021(10)70220-0.
Armstrong, David E J, and T. B. Britton. 2014. “Effect of Dislocation Density on Improved
Radiation Hardening Resistance of Nano-Structured Tungsten-Rhenium.” Materials Science
and Engineering A 611. Elsevier: 388–93. doi:10.1016/j.msea.2014.06.013.
Ashrafizadeh, F. 2000. “Adhesion Evaluation of PVD Coatings to Aluminium Substrate.”
Surface and Coatings Technology 130 (2–3): 186–94. doi:10.1016/S0257-8972(00)00670-8.
Assunção, V., E. Fortunato, A. Marques, H. Águas, I. Ferreira, M. E V Costa, and R. Martins.
2003. “Influence of the Deposition Pressure on the Properties of Transparent and
Conductive ZnO:Ga Thin-Film Produced by R.f. Sputtering at Room Temperature.” Thin
Solid Films 427 (1–2): 401–5. doi:10.1016/S0040-6090(02)01184-7.
Australian Microscopy and Microanalysis Research Facility. 2013. “Lay Out.”
———. 2014. “Introduction.”
Avettand-Fènoël, M. N., R. Taillard, J. Dhers, and J. Foct. 2003. “Effect of Ball Milling
Parameters on the Microstructure of W-Y Powders and Sintered Samples.” International
Journal of Refractory Metals and Hard Materials 21 (3–4): 205–13. doi:10.1016/S0263143

4368(03)00034-9.
Banerjee, Srikumar. 2014. “Overview of Indian Activities on Fusion Reactor Materials.” Journal
of Nuclear Materials 455 (1–3). Elsevier B.V.: 217–24. doi:10.1016/j.jnucmat.2014.06.009.
Bauccio, M. 1993. ASM Metals Reference Book. ASM International.
Beake, B D, V M Vishnyakov, R Valizadeh, and J S Colligon. 2006. “Influence of Mechanical
Properties on the Nanoscratch Behaviour of Hard Nanocomposite TiN/Si 3 N 4 Coatings on
Si.” Journal of Physics D: Applied Physics 39 (7): 1392–97. doi:10.1088/00223727/39/7/009.
Bloom, E. E., R. W. Conn, J. W. Davis, R. E. Gold, R. Little, K. R. Schultz, D. L. Smith, and F.
W. Wiffen. 1984. “Low Activation Materials for Fusion Applications.” Journal of Nuclear
Materials 122 (1–3): 17–26. doi:10.1016/0022-3115(84)90570-1.
Bloom, E. E., S. J. Zinkle, and F. W. Wiffen. 2004. “Materials to Deliver the Promise of Fusion
Power - Progress and Challenges.” Journal of Nuclear Materials 329–333 (1–3 PART A):
12–19. doi:10.1016/j.jnucmat.2004.04.141.
Bloom, Everett E. 1998. “The Challenge of Developing Structural Materials for Fusion Power
Systems.” Journal of Nuclear Materials 258–263 (1998): 7–17. doi:10.1016/S00223115(98)00352-3.
Booth, William, Marie Rinkoski, and Kevin Lillis. 2010. “Electric Power Annual 2009.” U.S.
Deparment of Energy. Vol. 348. http://www.eia.doe.gov/ask/electricity_faqs.asp#efficiency.
Cabet, C., J. Jang, J. Konys, and P. F. Tortorelli. 2009. “Environmental Degradation of Materials
in Advanced Reactors.” MRS Bulletin 34 (1): 35–39[1] C. Cabet, J. Jang, J. Konys, P.F.
Tortore. doi:10.1557/mrs2009.10.
Causey, Rion A. 2002. “Hydrogen Isotope Retention and Recycling in Fusion Reactor Plasma-

144

Facing Components.” Journal of Nuclear Materials 300 (2–3): 91–117. doi:10.1016/S00223115(01)00732-2.
Cavaleiro, A., and C. Louro. 2002. “Nanocrystalline Structure and Hardness of Thin Films.”
Vacuum 64 (3–4): 211–18. doi:10.1016/S0042-207X(01)00337-2.
Charit, I. 2012. “Fabrication of Tungsten-Rhenium Cladding Materials via Spark Plasma
Sintering for Ultra High Temperature Reactor Applications H Fuel,” no. 9.
Chawla, Vipin, R. Jayaganthan, A. K. Chawla, and Ramesh Chandra. 2009. “Microstructural
Characterizations of Magnetron Sputtered Ti Films on Glass Substrate.” Journal of
Materials Processing Technology 209 (7): 3444–51. doi:10.1016/j.jmatprotec.2008.08.004.
Chen, Jian, and J. P. Colinge. 1995. “Tungsten Metallization Technology for High Temperature
Silicon-on-Insulator Devices.” Materials Science and Engineering B 29 (1–3): 18–20.
doi:10.1016/0921-5107(94)04030-8.
Chipera, Steve J, and David L Bish. 2013. “Fitting Full X-Ray Diffraction Patterns for
Quantitative Analysis : A Method for Readily Quantifying Crystalline and Disordered
Phases.”

Advances

in

Materials

Physics

and

Chemistry

3

(April):

47–53.

doi:10.4236/ampc.2013.31A007.
Choi, Dooho. 2014. “The Electron Scattering at Grain Boundaries in Tungsten Films.”
Microelectronic Engineering 122. Elsevier B.V.: 5–8. doi:10.1016/j.mee.2014.03.012.
Chookajorn, Tongjai, Heather a Murdoch, Christopher a Schuh, and Christopher A. Schuh
Tongjai Chookajorn, Heather A. Murdoch. 2012. “Design of Stable Nanocrystalline
Alloys.” Science 337 (6097): 951–54. doi:10.1126/science.1224737.
Cullity, BD. 1956. Elements of X-Ray Diffraction.
Davis, J.W, V.R Barabash, a Makhankov, L Plöchl, and K.T Slattery. 1998. “Assessment of

145

Tungsten for Use in the ITER Plasma Facing Components.” Journal of Nuclear Materials
258–263: 308–12. doi:10.1016/S0022-3115(98)00285-2.
Davis, JR. 1997. Heat-Resistant Materials. ASM Internationa.
Dubey, P., G. A. Lopez, G. Martinez, and C. V. Ramana. 2016. “Enhanced Mechanical
Properties of W

1−y

Mo y O 3 Nanocomposite Thin Films.” Journal of Applied Physics 120

(24): 245103. doi:10.1063/1.4971257.
Ehrlich, Karl, E. E. Bloom, and T. Kondo. 2000. “International Strategy for Fusion Materials
Development.”

Journal

of

Nuclear

Materials

283–287

(PART

I):

79–88.

doi:10.1016/S0022-3115(00)00102-1.
Ervin, DR, DL Bourell, C Persad, and L Rabenberg. 1988. “Structure and Properties of High
Energy, High Rate Consolidated Molybdenum Alloy TZM.” Materials Science and
Engineering A 102 (1): 25–30. doi:10.1016/0025-5416(88)90529-0.
Faleschini, M., H. Kreuzer, D. Kiener, and R. Pippan. 2007. “Fracture Toughness Investigations
of Tungsten Alloys and SPD Tungsten Alloys.” Journal of Nuclear Materials 367–370 A
(SPEC. ISS.): 800–805. doi:10.1016/j.jnucmat.2007.03.079.
Foroughi-Abari, Ali, Can Xu, and Kenneth C. Cadien. 2012. “The Effect of Argon Pressure,
Residual Oxygen and Exposure to Air on the Electrical and Microstructural Properties of
Sputtered Chromium Thin Films.” Thin Solid Films 520 (6). Elsevier B.V.: 1762–67.
doi:10.1016/j.tsf.2011.08.063.
Gall, D., S. Kodambaka, M. A. Wall, I. Petrov, and J. E. Greene. 2003. “Pathways of Atomistic
Processes on TiN(001) and (111) Surfaces during Film Growth: An Ab Initio Study.”
Journal of Applied Physics 93 (11): 9086–94. doi:10.1063/1.1567797.
Gönüllü, Yakup, Guillermo César Mondragón Rodríguez, Bilge Saruhan, and Mustafa Ürgen.

146

2012. “Improvement of Gas Sensing Performance of TiO2 towards NO2 by Nano-Tubular
Structuring.” Sensors and Actuators B: Chemical 169 (2). Elsevier B.V.: 151–60.
doi:10.1016/j.snb.2012.04.050.
Gupta, Ajai K., Vijay Kumar, and Neeraj Khare. 2007. “Hopping Conduction in Double Layered
La2−2xCa1+2xMn2O7

Manganite.”

Solid

State

Sci.

9:

817.

doi:10.1016/j.solidstatesciences.2007.06.009.
Habashi, Fathi. 2001. “Historical Introduction to Refractory Metals .” Mineral Processing and
Extractive Metallurgy Review 22 (1): 25–53. doi:10.1080/08827509808962488.
Hao, Qiang, Wenzhe Chen, and Gang Xiao. 2015. “Beta (B) Tungsten Thin Films: Structure,
Electron Transport, and Giant Spin Hall Effect.” Applied Physics Letters 106 (18).
doi:10.1063/1.4919867.
Harries, D R, G J Butterworth, A Hishinuma, and F W Wiffen. 1992. “Evaluation of ReducedActivation Options for Fusion Materials Development.” Journal of Nuclear Materials 191–
194 (Part 1). Elsevier Science Publishers B.V.: 92–99. doi:10.1016/S0022-3115(09)800159.
Harsha, Sree. 2015. Principles of Vapor Deposition of Thin Films. Elsevier.
Hultman, L., W.D. Münz, Jindřich Musil, Stanislav Kadlec, I. Petrov, Greene J. E., Yuya
Kajikawa, et al. 1998. “Titanium Nitride Thin Films by the Electron Shower Process Thesis
Supervisor Accepted by Titanium Nitride Thin Films by the Electron Shower Process by.”
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 33 (0): 1225–
29. doi:10.1116/1.1619414.
Hussein Nili, Kourosh Kalantar-zadeh, Madhu Bhaskaran, and Sharath Sriram. 2013. “In Situ
Nanoindentation: Probing Nanoscale Multifunctionality.” Progress in Material Science 58

147

(1): 1–29.
Ilić, Dragana Janković, Jorge Fiscina, Carlos Gonzàlez Oliver, Nenad Ilić, and Frank Mücklich.
2007. “Self Formed Cu-W Functionally Graded Material Produced via Powder
Segregation.”

Advanced

Engineering

Materials

9

(7):

542–46.

doi:10.1002/adem.200700095.
Ji, Li, Hongxuan Li, Fei Zhao, Jianmin Chen, and Huidi Zhou. 2008. “Microstructure and
Mechanical Properties of Mo/DLC Nanocomposite Films.” Diamond and Related Materials
17 (11): 1949–54. doi:10.1016/j.diamond.2008.04.018.
Kaidatzis, Andreas, Vassilios Psycharis, Konstantina Mergia, and Dimitrios Niarchos. 2016.
“Annealing Effects on the Structural and Electrical Properties of Sputtered Tungsten Thin
Films.” Thin Solid Films 619. Elsevier B.V.: 61–67. doi:10.1016/j.tsf.2016.10.027.
Kalidindi, N R, F S Manciu, and C V Ramana. 2011. “Crystal Structure, Phase, and Electrical
Conductivity of Nanocrystalline W(0.95)Ti(0.05)O3 Thin Films.” ACS Applied Materials &
Interfaces 3 (3): 863–68. doi:10.1021/am101209d.
Karabacak, Tansel, Anupama Mallikarjunan, Jitendra P. Singh, Dexian Ye, Gwo Ching Wang,
and Toh Ming Lu. 2003. “??-Phase Tungsten Nanorod Formation By Oblique-Angle
Sputter Deposition.” Applied Physics Letters 83 (15): 3096–98. doi:10.1063/1.1618944.
Karabacak, Tansel, Catalin R. Picu, Jay J. Senkevich, Gwo Ching Wang, and Toh Ming Lu.
2004. “Stress Reduction in Tungsten Films Using Nanostructured Compliant Layers.”
Journal of Applied Physics 96 (10): 5740–46. doi:10.1063/1.1803106.
Karabacak, Tansel, Jay. J. Senkevich, Gwo-Ching Wang, and Toh-Ming Lu. 2005. “Stress
Reduction in Sputter Deposited Films Using Nanostructured Compliant Layers by High
Working-Gas Pressures.” Journal of Vacuum Science & Technology A: Vacuum, Surfaces,

148

and Films 23 (4): 986. doi:10.1116/1.1861940.
Kim, Jaewoo, Duckbong Seo, Byung Chul Lee, Young Soo Seo, and William H. Miller. 2014.
“Nano-W Dispersed Gamma Radiation Shielding Materials.” Advanced Engineering
Materials 16 (9): 1083–89. doi:10.1002/adem.201400127.
Kim, Yongdae, and Hyun Young Choi. 2017. “Characterization of Ti/W, Ti/Cr, and Ti/Pt Thin
Flims-Part II: Nano-Scratching and Tribological Properties.” Sensors and Actuators A 254.
Elsevier B.V.: 20–27. doi:10.1016/j.sna.2016.12.010.
Klueh, R. L. 2004. “Reduced-Activation Bainitic and Martensitic Steels for Nuclear Fusion
Applications.” Current Opinion in Solid State and Materials Science 8 (3–4): 239–50.
doi:10.1016/j.cossms.2004.09.004.
Klueh, R. L., N. Hashimoto, and P. J. Maziasz. 2007. “New Nano-Particle-Strengthened
Ferritic/martensitic Steels by Conventional Thermo-Mechanical Treatment.” Journal of
Nuclear Materials 367–370 A (SPEC. ISS.): 48–53. doi:10.1016/j.jnucmat.2007.03.001.
Knuyt, G., C. Quaeyhaegens, J. D’Haen, and L. M. Stals. 1995. “A Quantitative Model for the
Evolution from Random Orientation to a Unique Texture in PVD Thin Film Growth.” Thin
Solid Films 258 (1–2): 159–69. doi:10.1016/0040-6090(94)06353-2.
———. 1996. “A Model for Thin Film Texture Evolution Driven by Surface Energy Effects.”
Physica Status Solidi (B) 195: 179–93. doi:10.1002/pssb.2221950121.
Kohyama, A, A Hishinuma, Y Kohno, K Shiba, and A Sagara. 1998. “The Development of
Ferritic Steels for DEMO Blanket.” Fusion Engineering and Design 41: 1–6.
doi:10.1016/S0920-3796(98)00115-X.
Kuchuk, Andrian V., Vasyl P. Kladko, Oksana S. Lytvyn, Anna Piotrowska, Roman A.
Minikayev, and Renata Ratajczak. 2006. “Relationship between Condition of Deposition

149

and Properties of W-Ti-N Thin Films Prepared by Reactive Magnetron Sputtering.”
Advanced Engineering Materials 8 (3): 209–12. doi:10.1002/adem.200500263.
Lassner, E, and WD Schubert. 1999. Tungsten: Properties, Chemistry, Technology of the
Element, Alloys and Chemical Compounds. Edited by Kluwer Academic. New York:
Plenium Publisher.
Leyland, A, and A Matthews. 2000. “On the Significance of the H/E Ratio in Wear Control: A
Nanocomposite Coating Approach to Optimised Tribological Behaviour.” Wear 246 (1–2):
1–11. doi:10.1016/S0043-1648(00)00488-9.
Lindau, R., A. Möslang, M. Rieth, M. Klimiankou, E. Materna-Morris, A. Alamo, A. A F
Tavassoli, et al. 2005. “Present Development Status of EUROFER and ODS-EUROFER for
Application in Blanket Concepts.” Fusion Engineering and Design 75–79 (SUPPL.): 989–
96. doi:10.1016/j.fusengdes.2005.06.186.
Liu, Y.M., R.Q. Han, F. Liu, Z.L. Pei, and C. Sun. 2017. “Sputtering Gas Pressure and Target
Power Dependence on the Microstructure and Properties of DC-Magnetron Sputtered AlB2Type WB2 Films.” Journal of Alloys and Compounds 703. Elsevier B.V: 188–97.
doi:10.1016/j.jallcom.2017.01.337.
Louisville,

University

of.

n.d.

n.d.

“RCA-1

and

RCA-2

Wafer

Clean.”

https://louisville.edu/conference/ugim2008/cleanroom/sops/sops/rca-1-and-rca-2-waferclean/rca-1-and-rca-2-wafer-clean.html.
Maa, C.-H., J.-H. Huangb, and Haydn Chen. 2002. “Residual Stress Measurement in Textured
Thin Film by Grazing-Incidence X-Ray Diffraction.” Thin Solid Films 418 (2): 73–78.
doi:10.1016/S0040-6090(02)00680-6.
Mansur, L. K., A. F. Rowcliffe, R. K. Nanstad, S. J. Zinkle, W. R. Corwin, and R. E. Stoller.

150

2004. “Materials Needs for Fusion, Generation IV Fission Reactors and Spallation Neutron
Sources - Similarities and Differences.” Journal of Nuclear Materials 329–333 (1–3 PART
A): 166–72. doi:10.1016/j.jnucmat.2004.04.016.
Martinez, G., and C V Ramana. 2017. “Phase-Control Enabled Suprior Mechanical and
Electrical Properties of Nanocrystalline Tungsten-Molybdenum Thin Films.” Adv. Eng.
Mater In Press.
Matsui, H., K. Fukumoto, D. L. Smith, Hee M. Chung, W. Van Witzenburg, and S. N. Votinov.
1996. “Status of Vanadium Alloys for Fusion Reactors.” Journal of Nuclear Materials 233–
237 (PART 1): 92–99. doi:10.1016/S0022-3115(96)00331-5.
Mayer, M. 1999. “SIMNRA, a Simulation Program for the Analysis of NRA, RBS and ERDA.”
AIP Conference Proceedings 475 (541).
Mayer, M. 1999. “SIMNRA, a Simulation Program for the Analysis of NRA, RBS and ERDA.”
AIP Conference Proceedings 475: 541–44. doi:10.1063/1.59188.
Mayer, Matej, and Matej Mayer. 1997. “SIMNRA User ’ S Guide.”
Moosa, A. A., S. J. Rothman, and L. J. Nowicki. 1985. “Effect of Yttrium Additions to Nickel on
the Volume and Grain Boundary Diffusion of Ni in the Scale Formed on the Alloy.”
Oxidation of Metals 24 (3–4): 115–32. doi:10.1007/BF00664228.
Musil, J., F. Kunc, H. Zeman, and H. Poláková. 2002. “Relationships between Hardness,
Young’s Modulus and Elastic Recovery in Hard Nanocomposite Coatings.” Surface and
Coatings Technology 154 (2–3): 304–13. doi:10.1016/S0257-8972(01)01714-5.
Neu, R, R Dux, A Kallenbach, T Pütterich, M Balden, J.C Fuchs, A Herrmann, et al. 2005.
“Tungsten: An Option for Divertor and Main Chamber Plasma Facing Components in
Future Fusion Devices.” Nuclear Fusion 45 (3): 209–18. doi:10.1088/0029-5515/45/3/007.

151

Nieh, T.G., and J Wadsworth. 1991. “Hall-PETCH RELATION IN NANOCRYSTALINE
SOLIDS.” Scripta Metallurgica et Materialia 25: 955–58.
Nunez, O. R., A. J. Moreno Tarango, N. R. Murphy, and C. V. Ramana. 2016. “Nitrogen
Incorporation and Composition Facilitated Tailoring of the Optical Constants and
Dispersion Energy Parameters of Tungsten Oxynitride Films.” Journal of Alloys and
Compounds 683. Elsevier B.V: 292–301. doi:10.1016/j.jallcom.2016.04.182.
Nunez, O R, A J Moreno Tarango, K Hossain, and C V Ramana. 2016. “Effect of PostDeposition Annealing on the Optical and Mechanical Properties of Amorphous Tungsten
Oxynitride Thin Films.” Surface & Coatings Technology 308. Elsevier B.V.: 195–202.
doi:10.1016/j.surfcoat.2016.07.106.
O’Keefe, M. J., and J. T. Grant. 1996. “Phase Transformation of Sputter Deposited Tungsten
Thin Films with A-15 Structure.” Journal of Applied Physics 79 (12): 9134.
doi:10.1063/1.362584.
Odette, G.R., M.J. Alinger, and B.D. Wirth. 2008. “Recent Developments in IrradiationResistant

Steels.”

Annual

Review

of

Materials

Research

38

(1):

471–503.

doi:10.1146/annurev.matsci.38.060407.130315.
Oh, U. C., and Jung Ho Je. 1993. “Effects of Strain Energy on the Preferred Orientation of TiN
Thin Films.” Journal of Applied Physics 74 (3): 1692–96. doi:10.1063/1.355297.
Ohring, Milton. 1992. “Materials Science of Thin Films.” Materials Science and Engineering: A,
no. Second Edition.
Oliver, W C, and G M Pharr. 1992. “An Improved Technique for Determining Hardness and
Elastic Modulus Using Load and Displacement Sensing Indentation Experiments.” Journal
of Materials Research 7 (6).

152

Pai, Chi-Feng, Minh-Hai Nguyen, Carina Belvin, Luis Henrique Vilela-Leao, D. C. Ralph, and
RA Buhrman. 2014. “Enhancement of Perpendicular Magnetic Anisotropy and
Transmission of Spin-Hall-Effect-Induced Spin Currents by a Hf Spacer Layer in
W/Hf/CoFeB/MgO Layer Structures.” Applied Physics Letters 104: 82407.
Pai, Chi Feng, Minh Hai Nguyen, Carina Belvin, Luis Henrique Vilela-Leão, D. C. Ralph, and R.
A. Buhrman. 2014. “Enhancement of Perpendicular Magnetic Anisotropy and Transmission
of Spin-Hall-Effect-Induced Spin Currents by a Hf Spacer Layer in W/Hf/CoFeB/MgO
Layer Structures.” Applied Physics Letters 104 (8). doi:10.1063/1.4866965.
Park, Mansoo, and Christopher a Schuh. 2015. “Accelerated Sintering in Phase-Separating
Nanostructured Alloys.” Nature Communications 6. Nature Publishing Group: 6858.
doi:10.1038/ncomms7858.
Paul, Bhaskar, J. Kishor, A. Chatterjee, S. Majumdar, V. Kain, and G.K. Dey. 2017. “A Study on
Feasibility of Preparation of W-Cr-Si Alloys by Silicothermic Co-Reduction and
Characterization of as Cast Co-Reduced Alloy.” Journal of Alloys and Compounds 701.
Elsevier B.V: 864–69. doi:10.1016/j.jallcom.2017.01.163.
Pellicer, Eva, Aida Varea, Salvador Pane, Bradley J. Nelson, Enric Menendez, Marta Estrader,
Santiago Surinach, Maria Dolors Baro, Josep Nogues, and Jordi Sort. 2010. “983-991
Nanocrystalline Electroplated Cu-Ni: Metallic Thin Films with Enhanced Mechanical
Properties and Tunable Magnetic Behavior.” Advanced Functional Materials 20 (6): 983–
91. doi:10.1002/adfm.200901732.
Petroff, P., T. T. Sheng, A. K. Sinha, G. A. Rozgonyi, and F. B. Alexander. 1973.
“Microstructure, Growth, Resistivity, and Stresses in Thin Tungsten Films Deposited by Rf
Sputtering.” Journal of Applied Physics 44 (6): 2545–54. doi:10.1063/1.1662611.

153

Pharr, G.M., W.C. Oliver, and F.R. Brotzen. 1992. “On the Generality of the Relationship among
Contact Stiffness, Contact Area, and Elastic Modulus during Indentation.” Journal of
Materials Research 7 (3): 613–17. doi:10.1557/JMR.1992.0613.
Philipps, V. 2011. “Tungsten as Material for Plasma-Facing Components in Fusion Devices.”
Journal

of

Nuclear

Materials

415

(1

SUPPL).

Elsevier

B.V.:

S2–9.

doi:10.1016/j.jnucmat.2011.01.110.
Ramana, C. V., E. J. Rubio, C. D. Barraza, A. Miranda Gallardo, Samantha McPeak, Sushma
Kotru, and J. T. Grant. 2014. “Chemical Bonding, Optical Constants, and Electrical
Resistivity of Sputter-Deposited Gallium Oxide Thin Films.” Journal of Applied Physics
115 (4). doi:10.1063/1.4862186.
Reiser, Jens, Michael Rieth, Anton Mslang, Henri Greuner, David E J Armstrong, Thorsten
Denk, Tim Grning, et al. 2015. “Tungsten (W) Laminate Pipes for Innovative High
Temperature Energy Conversion Systems.” Advanced Engineering Materials 17 (4): 491–
501. doi:10.1002/adem.201400204.
Rieth, M., J. L. Boutard, S. L. Dudarev, T. Ahlgren, S. Antusch, N. Baluc, M. F. Barthe, et al.
2011. “Review on the EFDA Programme on Tungsten Materials Technology and Science.”
Journal of Nuclear Materials 417 (1–3): 463–67. doi:10.1016/j.jnucmat.2011.01.075.
Rieth, M, S L Dudarev, S M Gonzalez de Vicente, and J Aktaa. 2013. “Recent Progress in
Research on Tungsten Materials for Nculear Fusion Applications in Europe.” Journal of
Nuclear Materials 432 (August 2012): 482–500. doi:10.1016/j.jnucmat.2012.08.018.
Rieth, Michael, and Bernhard Dafferner. 2005. “Limitations of W and W-1%La2O3 for Use as
Structural

Materials.”

Journal

of

Nuclear

doi:10.1016/j.jnucmat.2005.03.013.

154

Materials

342

(1–3):

20–25.

Roger, Jerome, Fabienne Audubert, and Yann le Petitcorps. 2009. “Thermal Stability of W- X
Re/TiC/SiC Systems = 0, 5 and 25 at % Re) at High Temperature.” Advanced Engineering
Materials 11 (5): 399–407. doi:10.1002/adem.200800354.
Rossnagel, S. M., I. C. Noyan, and C. Cabral. 2002. “Phase Transformation of Thin SputterDeposited Tungsten Films at Room Temperature.” Journal of Vacuum Science &
Technology

B:

Microelectronics

and

Nanometer

Structures

20

(5):

2047.

doi:10.1116/1.1506905.
Rubio, E. J., T. E. Mates, S. Manandhar, M. Nandasiri, V. Shutthanandan, and C. V. Ramana.
2016. “Tungsten Incorporation into Gallium Oxide: Crystal Structure, Surface and Interface
Chemistry, Thermal Stability, and Interdiffusion.” The Journal of Physical Chemistry C 120
(47): 26720–35. doi:10.1021/acs.jpcc.6b05487.
Salamon, K, O Milat, N Radić, P Dubček, M Jerčinović, and S Bernstorff. 2013. “Structure and
Morphology of Magnetron Sputtered W Films Studied by X-Ray Methods.” Journal of
Physics D: Applied Physics 46 (9): 95304. doi:10.1088/0022-3727/46/9/095304.
Santos, Emanuel, Kelma D. P. NascimentoII, and Sérgio S. Camargo. 2013. “Relation between
in-Vitro Wear and Nanomechanical Properties of Commercial Light-Cured Dental
Composites Coated with Surface Sealants.” Material Research 16 (5): 1148–55.
doi:10.1590/S1516-14392013005000097.
Sarker, J. 2014. Sputtering Materials for VLSI and Thin Film Devices. Elsevier.
Shackelford, James F. 1985. “Introduction to Materials Science for Engineers,” no. 2nd.
Shen, Y. G. 2003. “Effect of Deposition Conditions on Mechanical Stresses and Microstructure
of Sputter-Deposited Molybdenum and Reactively Sputter-Deposited Molybdenum Nitride
Films.” Materials Science and Engineering A 359 (1–2): 158–67. doi:10.1016/S0921-

155

5093(03)00336-8.
Sherman, D, and D Brandon. 1999. “Mechanical Properties of Hard Materials and Their Relation
to

Microstructure.”

Advanced

Engineering

Materials

1

(3–4):

161–81.

doi:10.1002/(SICI)1527-2648.
Smid, I, M Akiba, G Vieider, and L Plöchl. 1998. “Development of Tungsten Armor and
Bonding to Copper for Plasma-Interactive Components.” Journal of Nuclear Materials
258–263 (1998): 160–72. doi:10.1016/S0022-3115(98)00358-4.
Smith, D. L., H. M. Chung, B. A. Loomis, and H. C. Tsai. 1996. “Reference Vanadium Alloy V4Cr-4Ti for Fusion Application.” Journal of Nuclear Materials 233–237 (PART 1): 356–
63. doi:10.1016/S0022-3115(96)00231-0.
Smith, D. L., B. A. Loomis, and D. R. Diercks. 1985. “Vanadium-Base Alloys for Fusion
Reactor Applications - a Review.” Journal of Nuclear Materials 135 (2–3): 125–39.
doi:10.1016/0022-3115(85)90070-4.
Spindler, M., S. Herold, J. Acker, E. Brachmann, S. Oswald, S. Menzel, and G. Rane. 2016.
“Chemical Etching of Tungsten Thin Films for High-Temperature Surface Acoustic WaveBased

Sensor

Devices.”

Thin

Solid

Films

612.

Elsevier

B.V.:

322–26.

doi:10.1016/j.tsf.2016.04.035.
Su, Y. D., C. Q. Hu, M. Wen, C. Wang, D. S. Liu, and W. T. Zheng. 2009. “Effects of Bias
Voltage and Annealing on the Structure and Mechanical Properties of WC0.75N0.25 Thin
Films.”

Journal

of

Alloys

and

Compounds

486

(1–2):

357–64.

doi:10.1016/j.jallcom.2009.06.147.
Sun, H.L., Z.X. Song, D.G. Guo, F. Ma, and K.W. Xu. 2010. “Microstructure and Mechanical
Properties of Nanocrystalline Tungsten Thin Films.” Journal of Materials Science &

156

Technology 26 (1): 87–92. doi:10.1016/S1005-0302(10)60014-X.
Thornton, John A. 1974. “Influence of Apparatus Geometry and Deposition Conditions on the
Structure and Topography of Thick Sputtered Coatings.” Journal of Vacuum Science and
Technology 11 (4): 666. doi:10.1116/1.1312732.
Tiwari, Atul. 2012. “Nanomechanical Analysis of Hybrid Silicones and Hybrid Epoxy
Coatings—A Brief Review.” Advances in Chemical Engineering and Science 2 (1): 34–44.
doi:10.4236/aces.2012.21005.
Tjong, S. C., and Haydn Chen. 2004. “Nanocrystalline Materials and Coatings.” Materials
Science and Engineering R: Reports 45 (1–2): 1–88. doi:10.1016/j.mser.2004.07.001.
Tsay, K. V., O. P. Maksimkin, L. G. Turubarova, O. V. Rofman, and F. A. Garner. 2013.
“Microstructural Defect Evolution in Neutron - Irradiated 12Cr18Ni9Ti Stainless Steel
during Subsequent Isochronous Annealing.” Journal of Nuclear Materials 439 (1–3).
Elsevier B.V.: 148–58. doi:10.1016/j.jnucmat.2013.03.086.
van der Pauw, Leo J. 1958. “A Method of Measuring the Resistivity and Hall Coefficient on
Lamellae

of

Arbitrary

Shape.”

Philips

Technical

Review.

doi:537.723.1:53.081.7+538.632:083.9.
Vemuri, R.S., K. Kamala Bharathi, S.K. Gullapalli, and C.V. Ramana. 2010. “Effect of Structure
and Size on the Electrical Properties of Nanocrystalline WO3 Films.” ACS Appl. Mater.
Interfaces 2 (9): 2623–28. doi:10.1063/1.4862186.
Vitos, Levente, Pavel A. Korzhavyi, and Börje Johansson. 2003. “Stainless Steel Optimization
from

Quantum

Mechanical

Calculations.”

Nature

Materials

2

(1):

25–28.

doi:10.1038/nmat790.
Vüllers, F T N, and R. Spolenak. 2015. “Alpha- vs. Beta-W Nanocrystalline Thin Films: A

157

Comprehensive Study of Sputter Parameters and Resulting Materials’ Properties.” Thin
Solid Films 577: 26–34. doi:10.1016/j.tsf.2015.01.030.
Wang, X.Y., and D.Y. Li. 2001. “Beneficial Effects of Yttrium on the Mechanical Failure and
Chemical Stability of the Passive Film of 304 Stainless Steel.” Materials Science and
Engineering: A 315 (1–2): 158–65. doi:10.1016/S0921-5093(01)01149-2.
Wasa, Kiyotaka, Makoto Kitabatake, and Adachi Hideaki. 2004. “Thin Film Materials
Technology;

Sputtering

of

Compound

Materials.”

Sci-Tech

News

58.

doi:doi:10.1016/S0026-0576(97)81517-6.
Weerasekera, I. A., S. Ismat Shah, David V. Baxter, and K. M. Unruh. 1994. “Structure and
Stability of Sputter Deposited Beta-Tungsten Thin Films.” Applied Physics Letters 64 (24):
3231–33. doi:10.1063/1.111318.
William, A, Sanders, and Isadore Drell. 1963. “COMPATIBILITY OF MOLTEN URANIUM
DIOXIDE WITH FIVE,REFRACTORY MATERIALS.”
World Nuclear Association. 2015. “Nuclear Power Reactor Characteristics,” no. December: 15–
16.http://www.worldnuclear.org/uploadedFiles/org/WNA/Publications/Nuclear_Informatio
n/Pocket Guide Reactors.pdf.
Xu, H. Y., G. N. Luo, H. Schut, Y. Yuan, B. Q. Fu, A. Godfrey, W. Liu, and G. De Temmerman.
2014. “Enhanced Modification of Tungsten Surface by Nanostructure Formation during
High Flux Deuterium Plasma Exposure.” Journal of Nuclear Materials 447 (1–3): 22–27.
doi:10.1016/j.jnucmat.2013.12.010.
Yajima, Miyuki, Naoaki Yoshida, Shin Kajita, Masayuki Tokitani, Tomotsugu Baba, and
Noriyasu Ohno. 2014. “In Situ Observation of Structural Change of Nanostructured
Tungsten during Annealing.” Journal of Nuclear Materials 449 (1–3). Elsevier B.V.: 9–14.

158

doi:10.1016/j.jnucmat.2014.02.027.
Yeung, Michael T., Jialin Lei, Reza Mohammadi, Christopher L. Turner, Yue Wang, Sarah H.
Tolbert, and Richard B. Kaner. 2016. “Superhard Monoborides: Hardness Enhancement
through

Alloying

in

W1-xTaxB.”

Advanced

Materials,

6993–98.

doi:10.1002/adma.201601187.
Zhang, Teng Fei, Bin Gan, Seong mo Park, Qi Min Wang, and Kwang Ho Kim. 2014. “Influence
of Negative Bias Voltage and Deposition Temperature on Microstructure and Properties of
Superhard TiB2 Coatings Deposited by High Power Impulse Magnetron Sputtering.”
Surface

and

Coatings

Technology

253.

Elsevier

B.V.:

115–22.

doi:10.1016/j.surfcoat.2014.05.023.
Zinkle, Steven J., H Matsui, D.L. Smith, A.F. Rowcliffe, E.V. van Osch, K. Abe, and V.A.
Kazakov. 1998. “Research and Development on Vanadium Alloys for Fusion
Applications.” Journal of Nuclear Materials 258–263 (1998): 205–14. doi:10.1016/S00223115(98)00269-4.
Zinkle, Steven J, and Jeremy T Busby. 2009. “Structural Materials for Fission & Fusion Energy
Structural Materials Represent the Key for Containment of Nuclear Fuel.” Materials Today
12 (11): 12–19. doi:10.1016/S1369-7021(09)70294-9.

159

VITA
Gustavo Martinez was born on June 14th in El Paso TX. The second son of Adolfo
Martinez and Alexandra Escarcega, he graduated from University of Texas at El Paso (UTEP)
with a bachelor’s degree in Mechanical Engineering. He continued his studies at University of
Texas at El Paso to pursue his master’s degree in Mechanical Engineering. During his master’s,
he worked research assistant in the department of mechanical engineering. He is a member of the
cSETR center in the department of Mechanical Engineering. He did two summer (2012,2013)
graduate student fellowships at Pacific Northwest National Laboratory (PNNL). In fall 2012, he
graduated with a Master of Science degree in Mechanical Engineering and proceeded further to
pursue his Ph.D. in the Mechanical engineering program at UTEP which he joined in Fall 2013.
He did a summer (2014) graduate student internship at Sandia National Laboratories. In spring
2016 he was Instructor for undergrad core curruculum course Solid Mechanics Laboratory with
70 students. He did a summer internship at Irvine’s research Triga reactor. In spring 2017 he
obtained his Ph.D. degree in mechanical engineering.

Permanent address:

392 Aidan Gordon

El Paso, TX, 79932

This thesis/dissertation was typed by Gustavo Martinez
160

